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Abstract 
In recent years, the suspected carcinogenic and toxic effects of hexavalent chromium have caused great 
concern, resulting in the imposition of stringent environmental and workplace regulations in the metal 
finishing industry. This has lead to the search for suitable alternatives to the chromate formulations. In this 
investigation molybdate, cerium and permanganate-based solutions have been examined as to their 
suitability as possible replacements for chromate conversion coatings on zinc-alloy electrodeposits. 
Investigations have primarily concentrated on producing passive surfaces from molybdate-based immersion 
processes. The novel conversion coatings have been examined using scanning electron microscopy to 
elucidate the coating morphologies. Analysis of the molybdate-based coatings has been undertaken to 
characterise and determine the composition using molybdenum K-edge EXAFS (extended X-ray absorption 
fine structure) studies. 'Me corrosion behaviours of the treated surfaces have been assessed using neutral 
salt spray (fog) corrosion tests and electrochemical methods utilising the linear polarisation technique. 
Findings indicate that simple molybdate, cerium and permanganate-based coating treatments only achieve, 
at best, corrosion protection by means of a barrier effect, as a result hindering the dissolution processes, thus 
providing modest improvements to the formation of white and red corrosion products compared with the 
'as-plated' zinc-alloy deposits. However, certain molybdate-based treatments, utilising a permolybdate 
species, appeared to possess additional corrosion resistant behaviours, possibly associated with an inhibition 
or retarding of the cathodic reactions. Consequently, superior corrosion performances were apparent for a 
number of the permolybdate coatings in comparison with the simple molybdate treatments, achieving 
performance characteristics more comparable to a chromate coating, although still at a reduced level of 
protection. Specific permolybdate coatings were deemed to be capable of providing enhanced corrosion 
performances, other than by acting solely as barriers to corrosion- 
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1 Introduction 
Most metals are subject to corrosion, even under relatively benign conditions active metals such as 
zinc and aluminium are especially prone to such problems. It is possible to protect these metals by using a 
conversion coating to convert the metal surface from its initial active state to an inert passive oxide film 
which considerably enhances the corrosion resistance. Electrodeposited zinc-nickel alloy coatings are 
increasingly being used for the protection of steels from corrosion, as improved corrosion performances 
for electrodeposited zinc coatings can be achieved by the co-deposition of small amounts of alloying 
elements such as nickel and cobalt. It is important that the alloy coating should maintain a sufficient 
coating thickness, so it can provide protection to the underlying steel by physical exclusion and sacrificial 
action. At present, the main agent for producing such passive films has been based on chromate 
compounds. Chromate conversion coatings are extremely successful and are responsible for most of the 
blue, yellow and olive drab colourations seen on many metal articles. Chromate coatings are primarily 
utilised to minimise the formation of white corrosion products, lengthening the time to the onset of red 
rust, and also to provide improved paint adhesion characteristics and desirable surface finishes. 
Unfortunately, chromates and principally the hexavalent chromium, are known to be highly toxic. 
Hexavalent chromium is also categorised as a possible carcinogen. 1,3 There is great concern over their 
discharge into the environment and in the handling of chromate compounds and treated components, 
resulting in stringent environmental and factory regulations. In the future, tougher restrictions are foreseen. 
Currently, the chromate conversion coating has yet to be surpassed for its corrosion protection 
performance. To date, a number of possible alternative coating treatments have been suggested but none 
are nearly as effective. 
In this investigation molybdate-, cerium- and permanganate-based solutions have been examined as to 
their suitability as possible replacements for chromate conversion coatings on zinc-alloy electrodeposits. 
Investigations have primarily concentrated on producing coated surfaces from molybdate-based immersion 
processes, as molybdates have long been utilised as corrosion inhibitors and are analogous to chromates 
being from the same group (VIA) of the periodic table. 
0 1.1 Definition of a Conversion Coating 
The term 'conversion coating applies to coatings produced on metal surfaces by reaction of the initial 
surface layer with anions of a suitably selected coating mediUM. 4 The process of producing a conversion 
coating covers several well-known solution treatments for a variety of substrate metals, common 
treatments include chromate and phosphate systems, and also anodising for aluminium is sometimes 
considered as another form of conversion coating. 
I 
The formation of a chromate conversion coating relies on an electrochemical reaction of the metal 
surface involving an anodic dissolution step where the substrate metal is oxidised. An accompanying 
reaction produces lower valency species from the coating solution, which results in the forrnation of a 
mixed oxide film with the corrosion products on the metal surface. The mixed oxide is believed to act as a 
reservoir for Cr(VI), although the quantity of hexavalent chromium which can be held in this reservoir is 
small, the film nevertheless improves the substrate metal's corrosion resistance. 
Conversion coatings have found extensive application, principally to impart an improved corrosion 
performance to relatively mild environments, to provide good adhesion characteristics for a subsequent 
paint or lacquer film, preventing the development of undercoat corrosion in the event of local coating 
damage. Finally, conversion coatings are utilised to achieve attractive and desirable surface appearances. 
1.2 Terminology 
The term 'chromate' conversion coating is a general term, characterising a chemical or 
electrochemical treatment utilising formulations containing chromic acid, chromates or dichromates as the 
main constituents. As a result of the treatment, a protective conversion coating is produced on the metal 
surface composing of tri- and hexavalent chromium compounds. 4,5 
Similarly, in this investigation conversion coatings produced from molybdate and permanganate 
formulations, will be referred to as molybdate and permanganate coatings, with the exception of the 
treatments resulting from formulations containing peroxomolybdate species, where the term permolybdate 
coating will be applied. 
2 
2 Literature Survey 
2.1 Chromate Conversion Coatings 
Chromate conversion coatings are used extensively in the protection of zinc and zinc alloy 
electrodeposits, prirnarily to minimise the forniation of white corrosion products, but also to fimprove 
adhesion, by providing a good key for a subsequent organic coating, thereby limiting underfilm. 
corrosion. Many commercial formulations are available and it is possible to obtain chromate coatings 
with a wide range of colours and protective properties-5 The most commonly used chromate conversion 
coating treatment is the Cronak proceSSý7 developed and patented in the 19330's, which involves the 
immersion of metal articles into a dichromate and sulfuric acid solution. Chromate coatings obtained by 
this method on zinc and cadmium gave slightly iridescent, yellow or brown coloured finishes. Many 
variations of the Cronak process, all relatively acidic, based on dichromate or chromic acid have been 
subsequently developed. 8-10 A survey by Biestek5 has shown that several of these variants are 
comparable with the Cronak, process, although few are reported as being superior. 
Experience has shown that the formation of suitable chromate conversion coatings on zinc alloy 
deposits appears to be far more difficult to achieve than for pure zinc alone. Consequently, there is only 
a limited amount of published information available on the application of conversion coatings for these 
systems, 11,12 although several commercial systems are currently in use. 
2.1.1 Coating Growth Mechanism 
Generally, the agreed mechanism for the formation of a chromate conversion coating on zinc and 
cachnium is thought to occur in two stages involving an initial oxidation of the substrate surface when 
immersed into the treatment solution, followed by an evolution of hydrogen. 
Zi + H2S04 '%z-ZnSO4(. ) + H2 (2.1) 
Secondly, the evolution of hydrogen increases pH at the metal-solution interface, and results in the 
precipitation of a hydrated chromium chromate, containing a residual amount of hexavalent chromium. 
The mechanism for the fonnation of the chromiw-n chromate is open to some conjecture. According to 
Anderson 13 and Taylor" the deposition reactions are as follows: 
3H2 + 2Na2Cr207 --' 2Cr(OH)3 + 2Na2Cr04 (2.2) 
2Cr(OH)3 + Na2Cr04 v-' Cr(OH)3. Cr(OH)Cr04 + 2NaOH (2.3) 
The authors analysed the chromate coatings and showed a higher ratio of Cr(III) to Cr(VI) with respect to 
coatings containing solely chromium chromate. It was concluded that the coatings contained a 
considerable proportion of chromic hydroxide or oxide (Reaction 2.2). According to Anderson and 
Taylor two further reactions were also thought to be probable: 
3 
ZnS04+ Na2Cr04 ZnCrO4+ Na2SO4 (2.4) 
2Cr(OH)3 + 3H2SO4 -', - Cr2(SO4)3(, q) + 6H20 (2.5) 
The zinc content observed in chromate coatings was attributed to (2.4), whereas the formation of trivalent 
chromium ions and the presence of zinc in the treatment solution resulted from reactions (2.5) and (2.1). 
Farr and Kulkarni 15 considered that two reactions could proceed in parallel on the substrate surface. 
Firstly, zinc oxidation combined with the reduction of hexavalent chromium to the soluble trivalent form 
widi the fonnation of zinc oxide, 
IOH+ + Mi + 2Cr02- '-c- 2Cr3+ + 3U0 + 5H20 (2.6) 
and fmally the reaction of zinc to form zinc chromate. 
Zno + H2Cr04 `v - ZnCr04 + 2H (2.7) 
'17he formation of Cr2O3 was not evident in coatings produced from chromate containing solutions. With 
high concentrations of dichromate, it was found that coatings contained Cr203, with no apparent evidence 
of any ZnO, suggesting a different mechanism of formation. It was proposed that dichromate ions were 
strongly adsorbed onto the metal surface and were also probably adsorbed onto the oxide surface. An 
overall reaction of 
Cr2O'- + 8H+ +W Cr203 + 4H20 (2.8) 7 
was thought to occur, or similar reactions in which HCrO 7 or H2Cr2O7 could participate. 
Faff and 
Kulkari also proposed a general cathodic reaction which could proceed at the metal surface: 
Mno + 6H+ +2 Cr2021- +M -z- 2ZnCr04 + Cr203 + 3H20 (2.9) 
However, it was thought that the zinc chromate formed on the metal surface may be expected to be 
almost insoluble, and the probability of such a reaction occurring was small. Although in the case of 
anodic zinc dissolution the zinc chromates formed should be soluble. 
This is in agreement with work undertaken by Van de Leest, " confirming the opinion that 
chromate conversion coatings on zinc are formed in accordance to a dissolution-precipitation 
mechanism. Using precýpitation fitration and electron energy dispersive analysis, Van de Leest observed 
the presence of ZnCr04 and ZnO and suggested the following mechanism. 
Dissolution reaction: 
Zný NZ ý Zn2+ + 26' (2.10) 
HCrO- + 7H+ + 36' C? + +4H20 (2.11) 4 
Precipitation reaction: 
5 2+ Zn + HCro4- + 8H20 _ ZnCrO4.2Zn(OH)2+ 9H+ (2.12) 
4 
Williams 17,18 concluded from chemical analyses that the coatings produced on zinc surfaces could be 
attributed to the following reactions. 
C r, 0, -+ 14H+ + 6c' - 2Cr3+ + 7H20 (2.13) 
It was considered that the reduced Cr" was precipitated on the surface of the zinc as a hydrated 
chromium (111) oxide, supporting the proposals made by McLaren et al. 15 However, the reaction 
appeared to be dependent on the presence of anions such as sulfates or chlorides to activate the surface, 
resulting in the precipitation of a protective coating. 
Abibsi et al. 20 observed the formation of chromate coatings on zinc-alloy electrodeposits and 
showed that the alloys had a lower reactivity in comparison with pure zinc deposits when immersed into 
chromate solutions. This, therefore explains why special conversion coating processes are required for 
use with zinc-alloy electrodeposits. 
More recently, the majority of investigations into chromate conversion coatings have centred on 
coatings produced on aluminium. Studies have been made of the structure and composition of these 
coatings . 
21-23 X-ray and electron diffraction analysis have shown that the coatings are amorphous. 
Furthermore, analysis of the coatings by other techniques, such as, XPS, 21,23 AES2 1 and SIMS22, has 
shown that the composition of the resultant coatings depends on the formulation of the treatment 
solution. 
Several studieSý4-26 concerning the inhibition of the corrosion of aluminium, generally agree in 
the importance of Cr6' ion reduction to hydrated Cr203, but differ in the proposed sites of activity. 
Edeleanu and EvanS27 suggested that a redox reaction between C? ' ions and the aluminium. metal occurs, 
fonning alwnina and chromium(III) oxide. 
2AI + 3H20 -, -' A1203 + 6H+ + 66' (2.14) 
2Cro2- + IOH+ + 66" Cr203 + SH20 (2.15) 4 
Ile development of solid Cr203 generally over the surface was also assumed by Pryor2', and 
substantiated later by NPS on aluminium surfaces supporting air formed films, which had been immersed 
into a chromate solution. 
Katzmaný' has examined in detail the growth mechanism of chromate coatings on aluminium. It 
was observed that for coatings prepared from solutions with no fluoride ions, only a very thin chromate 
film was formed above the aluminiurn oxide layer. Katzman concluded that in order for film growth to 
proceed, the initial aluminium oxide surface must be penetrated to ensure that contact occurs with the 
coating solution, hence the necessity for the presence of fluoride or hydroxide ions in the coating 
solutions. Aluminium. oxide is etched when immersed into either hydrogen fluoride at pH 1.5 or a 
hydroxide solution at pH 11. 
I- AIOOH + 3HF -; z- AIF3(aq) + 2H20 (2.16) 
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AIOOH + OH'+H20 - Al(OH)-4 (aq) 
After the aluminium oxide coating has been etched away, chromate ions can then react with the 
aluminium metal surface: 
Cr2O', - +2AIO + 2H+ + H20 --; F- *" 2CrOOH + 2AI00H (2.18) 
The precipitation of the hydrated mixed oxide on the metal surface begins the conversion coating 
growth. In the absence of any fluoride ions, the process would eventually cease, due to the build up of 
AlOOH, resulting in a much thinner coating with very poor corrosion resistance. However, when IT is 
present the AlOOH in the mixed oxide fihn is dissolved, leaving the insoluble CrOOH on the surface, 
and the growth of the conversion coating can continue unhindered. Effectively, the alurninium metal or 
oxide in contact with the coating solution is replaced with an insoluble amorphous hydrated oxide 
(CrOOH or Cr203. H20). 
Cr2()2- 2Af + +8H+ + 6F* ýZ- + 2CrOOH + 3H20 (2.19) 7 
2A1F3(aq) 
AIOOH + cr2 02- + IOW + 3F `Z ' A]F3(q) +2CrOOH + 5H20 (2.20) 7 
Katzman showed that the growth mechanism was consistent with the depth profiles of coatings at various 
stages of formation. After 5sec, the original AIOOH film was removed as chromium was evident at the 
metal-oxide interface. At this point the conversion coating is approximately 200A thick. Using ESCA, 
the surface was revealed to consist mainly of trivalent chromium, but a small fraction was observed to be 
hexavalent (<10%). After 15s, the depth profile indicated that qualitatively the coating had completely 
fbrmedý although the coating was at this stage only 400A thick. It appeared that some chromate ions 
remained strongly adsorbed onto the surface and were found in decreasing quantities within 120A of the 
coating surface. The oxygen-chromium ration is higher in chromate, which explains why the ratio 
appeared to be higher near the surface of the coating and gradually decreased with depth through the 
coating. Below 120A the ratio remained constant down to the metal-oxide interface, consistent with the 
expected presence of only trivalent chromiurn. 
More recently, work undertaken by Brown et al. . 
28 has suggested that the complete removal of the 
initial oxide film on aluminium was unlikely due to the thickness dependence of the growth of the 
amorphous oxide. Brown considered that as the oxide film thins, its rate of reformation eventually 
increases to match the rate of dissolution at the film-solution interface, the anodic dissolution of 
alwninium being given by, 
2AIO + 3H20 -r- `- A1203 + 6H" + 66' (2.21) 
followed by chemical dissolution: 
A1203+ 6HF 2AIF3(aq) + 3H20 (2.22) 
'Me cathodic reaction, related to the deposition of the coating material, is the reduction of chromate ion 
species to form a hydrated chromium oxide: 
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Cro2- 24+1 OH"+ 6d - 2CrO0H + 4H20 (2.23) 
Cr. 02- 
7+ SH+ + 6d 2CrO0H + 3H20 (2.24) 
The cathodic reactions are believed to occur either over the general aluminiurn oxide surface, 
with electrons penetrating through the oxide by tunnelling, or by local conduction through flaws. It was 
observed that the preferential deposition of CrOOH appeared to be at the grain boundaries or at flaw 
sites, which indicates that the local conduction plays a predominant role in the reduction to chromate 
species. This is also a clear indication that the aluminium oxide surface is not removed completely 
during the coating process. Otherwise, the deposition of the hydrated chromium oxide would be evident 
not only at the grain boundaries or flaws, but over the entire surface. 
Brown suggested during the early stages of coating, the CrOOH deposits occur as discrete spots, 
as observed under TEM. More spots appear and the size (both height and diameter) increases with time. 
Eventually, the deposits coalesce and link together, the covered regions are largely protected against 
attack from the fluoride ions. The anodic dissolution of the aluminium now proceeds at areas surrounded 
by the CrOOH deposit, giving an overall reaction for the coating growth. Consequently, the aluminium 
oxide surface is eventually covered by the growth of the conversion coating. 
2.1.2 Corrosion Resistance of Chromate Coatings 
The comparative corrosion performances of the chromate conversion coatings on zinc surfaces 
depends largely on the environment of exposure. In protecting the underlying zinc surface all chromate 
coatings act as a barrier due to the formation of the hydrated chromium (111) oxide coating. Generally, 
there appears to be no established opinion on the mechanism of protection by chromate conversion 
coatings on zinc and cadmium substrates. On the basis of salt spray and humid atmosphere tests, Stareck 
and Cybuls09 have found that chromating can enhance the corrosion resistance of zinc surfaces by 10 to 
30 times, similarly Gilbert and Hadden, 30 obtained an improvement in performance with a factor of 25. 
Biestek5 has produced a survey highlighting the more widely held opinions. 
In general, investigations' 1,11,31 concur with the view that chromates prevent the formation of 
white corrosion products on zinc substrates, provided at least a minimum amount of hexavalent 
chromium is present in the coating. With the effectiveness of the protection depending on the rate of 
hexavalent chromium removed or leached from the coating, to repassivate damaged areas on the metal 
surface. While other authors 33 consider that once the soluble Cr(VI) compounds have been completely 
removed, the coating is still capable of providing protection. It is the insoluble part of the chromate 
coating which is considered to play the primary protective role, while the soluble constituents have only 
an addit onal influence, on the general corrosion resistance. 
Elze 34,35 has observed that the rest potentials of chromated and unchromated zinc and cadn-ýwn 
coatings differ only slightly when inunersed in artificial sea water, with the chromated surfaces shifted 
slightly to more positive values. It was concluded that the chromating of zinc and cadmium surfaces 
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does not result in passivation of the metals in electrochemical terms, thereby differing from coatings 
obtained on aluminiurn and titanium. Elze considered the corrosion performance of the chromate 
coatings consisted primarily in the inhibition of the anodic and cathodic reactions, depending on the 
corrosive environment. 
More recently, Sarmaitis and Juzeliflas 36 have determined that chromate conversion coatings on 
zinc in neutral conditions, mainly reduced the rate of the oxygen reduction reaction and had significantly 
less effect on the anodic dissolution rate. It was suggested the hexavalent chromium present within a 
conversion coating, initially caused an increase in the dissolution rate of the ziiýc, due to the Cr(VI) being 
reduced to Cr(III). However, the deposition of insoluble Cr(III) compounds on active areas could also 
result in an increase in the corrosion current density, during the initial stages of corrosion when Cr(VI) is 
present within the coating, possibly suggesting a self-healing capability. Ile corrosion rate of chromate 
coatings were observed to be initially similar to an unchromated zinc surface, but the corrosion rate 
dropped sharply to a limiting value. It was suggested that zitic corrosion products could close and block 
pores in the coating, and consequently the resistance of these compounds was thought to determine the 
corrosion resistance of zinc at anodically active regions. 
Abibsi et al . 
20 have reported that the reduction of the corrosion rates for chromated zinc-alloys is 
much greater than that found when chromating a pure zinc coating alone. Ilis was thought to indicate a 
synergistic effect between the alloying of zinc and a suitable chromate trqatment. Coatings were 
observed to have compositions including chromium, zinc and small amounts of chlorine. The total 
concentration of chromium and the percentage of hexavalent chromium did not appear to be the major 
factors influencing corrosion resistance and it was concluded that thinner but more coherent barrier 
coatings provided the best corrosion performance. 
Auger depth profiling was used by Katzman2l to investigate the corrosion performance of 
chromate conversion coatings on aluminium-based substrates exposed to a salt spray environment and 
determined three stages of filin breakdown. Firstly, after 80 hours there were no visible changes in the 
appearance of the coatings, although the depth profile showed that the coatings had thinned uniformly by 
approximately 200A. There appeared to be still no visual change even after 175 hours of the test. 
However, the depth profile showed that some chromium was leached from the coating, which was then 
replaced by alurninium. from the bulk metal. ESCA indicated that greater than 90% of the remaining 
chromium was trivalent. Finally, slight visible corrosion was apparent after 200 hours, the corrosion 
product was identified as alurninitun oxide 01203). 
Katzman considered the corrosion resistance was mainly due to the insolubility and the 
impervious nature of the amorphous chrorniuin oxide layer, since 'weak spots! and channels within the 
coating were clogged with CrOOH, hindering any penetration of corrosive ions. 
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It has been observed 21 that the chromate conversion coatings retain a certain quantity of 
hexavalent chromium due to the incomplete reaction of (2.10) or (2.11). The residual Cr(VI) has been 
hypothesised as a possible source for dynamic repair of breaks and defects in the film by the reaction 
(2.1). XPS has been used to estimate the quantity of hexavalent chromium within the coatings of 
approximately 9%. 23 Analysis by XPS presents some disadvantages to the precise evaluation of the ratio 
of Cr(VI) to the total chromium content in the coatings, since photodecomposition due to the reduction 
of Cr(VI) to Cr(III) occurs in the ultra-high vacuum environment. 37.38 
In view of the experimental problems associated with examining chromate conversion coatings 
using techniques such as SIMS and XPS, including lack of chemical information in the former and, as for 
SIMS, the vacuum requirements of the latter. Chromate coatings on aluminium have been re-examined 
using X-ray absorption spectroscopy (XAS) to study the species in the oxide films under ambient 
pressures, so that the coatings are relatively unaffected by exposure to a vacuum. In addition coatings are 
less susceptible to photoreduction by the higher energy photons. 
Kendig et al . 
39 have used XAS to analyse the speciation. of chromium in chromate coatings on 
aluminium, principally to evaluate the quantity of Cr(VI) present. Hexavalent chromium has a distinct 
pre-edge peak, where as Cr(III) has no such peak, just the absorption edge. From this basis, a linear 
combination of Cr(III) and Cr(VI) species was used to quantitatively evaluate the ratio of hexavalent Cr 
to the total chromiurn in the oxide coating. That is to say, the intensity of the pre-edge peak provided a 
measure of the quantity of Cr(VI) present, whereas the absorption edge height depended on the total 
quantity of chromium. It was concluded, that during the early stages of film formation more Cr(VI) 
appears to be converted to Cr(III) at the coating-substrate interface. However, complete conversion of 
Cr(VI) to hydrated chromium oxide ceases after the initial stage of coating deposition. Residual 
hexavalent chromium was assessed to be about 10-20%. To evaluate the corrosion performance of 
chromate coatings, samples were exposed to an air-equilibrated 0.5M NaCl solution for 0 to 29 days. 
Results indicated that the relative quantity of hexavalent chromium in the coatings decreases 
approximately exponentially with time and suggest the mechanism possibly relates to the slight solubility 
of the Cr(VI). When subjected to an aggressive environment, the Cr(VI) partly reacts with the aluminiurn 
surface at defects in the coating providing a continuous time-release source of an inhibitor for 
repassivation the chromate coating, according to reaction (2.6). 
More recently, Wan et al . 
40 has reported using XAS analysis the ratio of hexavalent chromium to 
total chromium did not significantly change with coating thickness. However, the ratio decreased 
markedly with a subsequent immersion in a sodium chloride solution, with leaching of Cr(VI) more 
apparent for thinner coatings, from an initial Cr(VI) content of 30%, to 8% and 3% after 15 and 30 days 
respectively. 
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2.2 Molybdate-based treatments 
The initial search for alternatives to the chrornate systerns has centred on its metal oxyanion 
analogues, namely compounds such as molybdate, tungstate, vanadate and permanganate. Overall, the 
main focus of the investigations has been molybdates, primarily because unlike many other transition 
I metals, molybdenum has been described as having low toxicity' . 
The inhibitive effect of sodium molybdate has been extensively studied. Firstly, by Robertson, 42 
who when investigating the behaviour of mild steel in aerated solutions, found that molybdate was 
comparable to nitrite and chromate in its ability to prevent corrosion. Pryor and Cohený 3 established that 
when used in deaerated solutions, molybdate was in fact less effective at inhibiting corrosion than 
chromate and nitrite. It was considered that the greater inhibitive capabilities of chromate and nitrite 
were as a result of their oxidising abilities, thus passive films could form rapidly on iron in the absence 
of oxygen. Molybdate being a much weaker oxidising agent, is unable to passivate in the absence of 
oxygen. More recently Stranick" observed that the effectiveness of molybdate as a corrosion inhibitor 
for mild steel in acidic media appeared to be considerably less than in neutral and alkaline solutions. It is 
known that in acidic solutions, the simple molybdate ion undergoes polymerisation and acid hydrolysis, 
to form various isopolymolybdates, the final structure being dependent upon the pH. Stranick 
considered that the reduced effectiveness of the isopolymolybdates as corrosion inhibitors was related to 
them being less readily adsorbed onto the steel surface and possibly, due to steric effects, the 
incorporation into a passive film was hindered. Qian and Turgoosd45 have examined a synergistic effect 
between zinc and molybdate as a corrosion inhibitor for mild steels, and suggested the inhibition resulted 
from a precipitate containing both zinc and molybdate on the metal surface. The coating was observed to 
be capable of decreasing the rate of the oxygen reduction reaction by providing a barrier to oxygen 
diffusion. Similarly, the same effect has been attributed for the inhibition behaviour of zinc chromate. 46 
The precipitate was not fully characterised, but was thought to be a basic zinc molybdate. 
Compared with chromates, molybdates are not very effective corrosion inhibitors for aluininium 
even in very dilute sodium chloride solutions. However, it has been shown by Wiggld47 that if other 
inhibitors are present with the molybdate, such as metaborate, then significant corrosion inhibition of 
aluminiurn alloys in aggressive environments can be achieved. 
Molybdates have not been extensively utilised for the formation of conversion coatings in 
comparison to the present use of chromates and dichromates. Although, the application of coating 
formulations using molybdates was first established in the 1940's, when an electrochemical processýs was 
patented to coat a variety of metals. On a zinc surface the resultant coating was not clearly described, 
however, the surface was thought of as a complex molybdenum oxide, possibly a sesquioxide. 49 The 
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visual appearance of the coatings was described as semi-matt to gloss black, but coatings underwent 
degradation in moist air due to the intermediate oxidation state. 
Investigations by BijiMi50-52 examined the use of molybdates as conversion coating promoters. 
The work reported evidence of inflections in the cathodic poMsation curves, but in view of the 
inconsistency of this evidence no attempt was made to investigate it or its relevance to film formation 
and consequently it was disregarded. A more detailed examination was undertaken by Wilcox and 
Gabe 53 in which comparisons were made between chromate and molybdate solutions on tinplate and zinc 
substrates, in the context of cathodic treatments for conversion coating formation. Following the 
cathodic treatment the chromated surfaces were generally brown or grey in colouration, whereas the 
molybdate coatings produced strikingly colourcd finishes. The cathodic polarisation curves obtained for 
zinc foil immersed into quiescent and aerated coating solutions generally gave the typical cathodic 
response culminating in a limiting current. Analysis of the inflection phenomenon proved inconclusive. 
Chromate solutions produced the strongest inflections, which were considered as a consequence of 
successive reductions, i. e. Cr+ -> CrI+, Cr6+ -> C? as reported by a number of authors. 
54,55 Molybdate 
solutions produced less severe inflections, which was thought to result from the molybdates weaker 
oxidising capabilities. 42 Initial inflections at low overpotentials were believed to be an oxide reduction, 
although the possibility of oxides or hydroxides forming on the zinc surfaces before measurements were 
taken, as well as, inflections arising from the reduction of a molybdenum species could not be precluded. 
Latimer 56 suggested that molybdic acid could be reduced to molybdenurn blue in the following manner. 
I- H2MoO4 + 2H+ + 6" MoO' + 2H20 (2.25) 2 
3H2MOO4 +2H+ + 6" (MO02)2MOO4 + 4H20 (2.26) 
Tbus defining a 'partial' reduction process of Mo 
6+ 
_4 M06+/MO5+ (molybdenum blue). However, in the 
investigation inflections were evident in alkaline solutions, where the formation of molybdenum blue 
would not be possible. The phenomenon of cathodic inflections has been previously reported 57,59 for 
molybdate solutions with various metals. ESCA analysis revealed reduced molybdenum species of 
Mo(V) and Mo(IV) for coatings from acidic solutions, although it appeared that no direct reduction 
process was responsible for the inflection. 59 Preliminary salt spray corrosion tests over a 24 hour 
duration were conducted using a 3wt. % NaCI solution. Zinc foil coated cathodically using a OAM 
molybdate solution for 5 minutes at a potential of -1500mV(SCE) gave an inferior corrosion 
performance, forming high levels of zinc corrosion products in comparison to the chromate coatings. 
Further studies by Wilcox et al. 60 proposed that the incidence of inflections was a mechanical 
degradation phenomenon, as opposed to a direct reduction process. The work primarily involved 
coatings on finplate, as this gave the most consistent results. The results for zinc, possibly due to the 
oxide/hydroxidd47 fonnation proved confusing. Attempts were made to analyse the surface, both 'before' 
and 'aftee the inflection phenomenon using ESCA. On the 'before' surface, both Mo(IV) as M002 and 
Mo(V) were evident. The 'after' surface exhibited only Mo(V). Combined with visual observations, it 
11 
was revealed that the initial iridescent coating thickened and became black in appearance, considered to 
be MoO2 with vestiges of Mo(V) remaining from the earlier iridescent coating. The occurrence of the 
inflection was attributed to the matt black coating flaking off the surface revealing a fresh metal surface 
on which a new iridescent coating was capable of growing. The flaking was attributed to a number of 
possibilities, either actual physical disturbances created by hydrogen evolution, destroying the coating 
integrity, or possibly natural growth mechanisms inducing internal stresses which could lead to the 
flaking. It was reported that the iridescent film formed cathodically on tinplate in an acidic molybdate 
solution was predominately Mo(V), the actual fonn of the Mo(V) remained unclear. Pentavalent 
molybdenum compounds are rare, Pourbaix6l notes that in solution, pentavalent molybdenum exists only 
in complexes, hydroxides MoO(OH)3 or M0205.3H20 (molybdenyl hydrate). However, M0205-31-120 is 
known to be oxidised by air and decomposes into compounds of Mo(III) and Mo(IV). 
Gabe and Gould 62 have examined the molybdate conversion coating process in an cffort to 
specifically obtain black coating finishes. Both immersion and electrochemical treatments were 
explored, as well as coating solution parameters. Coatings were produced on zinc foil, galvanised steel 
sheet, tinplate and aluminium substrates. Immersion treatments were effective on zinc-based and tinplate 
substrates, formation of coatings was immediate depending on time and concentration. Cathodic 
polarisation curves of zinc in molybdate solutions gave a characteristic form, showing a plateau region, 
described as the reduction of MO(Vj)_>MO(V)_>MO(IV). 43 -49 For zinc-based substrates the plateau 
current increased with increasing solution acidity, owing to the dissolution of zinc. In highly acidic 
solutions, pH 1.5, no film formation was evident. Generally, the zinc foil and galvanised steel behaved 
similarly, although the latter displayed marked grain boundary film enhancement, thereby affecting the 
surface appearance. Aluminium. however, did not readily form a coating, the cathodic polarisation curve 
was markedly different. Tle black coating was rather patchy, not uniform and the solution became blue, 
thus indicating reduction of the molybdate to a non-adherent molybdenum blue (W'/Mo5) product. 
Further developments have been reported63,64 for the formation of black molybdate coatings. 
63 Hosseini et al . utilised 
both immersion and imposed cathodic current treatments in solutions containing 
ammonium heptamolybdate ((NI44)6MO7024.4H20) and nickel sulfate for zinc surfaces. The surface 
microstructure was found to consist of relatively flat irregular platelets, separated by prominent fissures 
characteristic of coatings of this type. Analyses showed that the coatings were probably a mixture of a 
hydrated molybdenum dioxide (M002.2H20) and Ni(OH)2 in mass proportions of nine to one. For the 
cathodic treatment a coating mechanism was suggested as follows. 
M0106- 
24 + 24H20 + 146" 7(MoO2.2H20) + 200ff 
(2.27) 
N? + + 201-r Ni(OH)2 (2.28) 
The immersion coating formed on zinc surfaces was considered to be a form of molybdenum blue 
according to Cotton and Wilkinson . 
65 'Me coating formed when zinc reacts with the heptamolybdate 
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solution was considered to contain a rriýixture of MoO(OH)2 and M003. Similarly, Agnihotri64 using the 
same treatment to produce black films on zinc surfaces, revealed the black molybdate coatings were 
amorphous in nature and the chemical composition was identified as M003- 
More recently, Jahan et al. " produced and characterised black molybdate coatings using the 
heptamolybdate and nickel sulfate treatment solution on electrodeposited cobalt. The resulting 
morphology had a nodular structure or a comparatively smooth surface plate-like surface depending on 
the treatment conditions. XPS studies indicated that the estimated oxidation state of the molybdenum 
within the coatings was about +5, close to that of Mo4011. 
The black molybdate finishes have been utilised for decorative purposes, as well as for the 
coatings' solar absorbing capabilities to improve the efficiency of photothermal converters of solar 
energy. The black coatings have primarily been used in glycol systems, largely because this coating 
appears to be unstable in water based heat exchanger systems. To date, the corrosion performances of 
the black molybdate films have not as yet been widely reported. 
2.2.1 Iso- and Ileteropolymolybdate Species 
67 (Moo, -) The simple tetrahedral molybdate anion 4 is stable in neutral and alkaline solutions, 
comparable with the chromate anion (CrO'). In acidic environments, both undergo acid hydrolysis and 4 
polymerisation with very different effects. Whereas Cr(VI) remains tetrahedral with comer sharing in 
Cr, O'- and (CrOA and Mo8 anions known as 7 ,, Mo(VI) produces large octahedral, M07 
isopolymolybdateS. 65'69 Depending on the acidity a number of polymeric species can be formed-61 ' 
69 
Ile condensation occurs in definite steps and begins at approximately pH 6.0, forming the 
heptamolybdate ion Between pH 2.9 and 1.5, M07024 , this reaction 
is complete by pH 4.5. 
condensation results in the formation of the MogO4- anion. At pH 0.9, molybdic acid M003-1-120 29 
precipitates, and at even lower pH the cationic molybdenyl species M002+ forrns. Isopolymolybdatcs 2 
contain only molybdenum, oxygen and hydrogen, these species are weak oxidants and are unstable to 
solution neutralisation, where they revert back to the simple monomeric molybdate anion. If the acid 
hydrolysis is carried out in the presence of certain metal cations" or tetrahedral oxyanions such as 
phosphates (PO'4) and silicates (SiO32- ), compounds known as the heteropolymolybdates are produced. 3 
Ilese compounds are decomposed by strong bases, reverting back to the simple molybdate anion 
species. Unlike the simple and isopolymolybdates, the heteropolymolybdates are stable in strong acids, 
being strong acids themselves and powerful oxidants. A comprehensive review has been undertaken by 
Pope '71 
discussing all aspects of formation and chemistry of the polyrnolybdate species. 
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Both condensed iso- and hetcropolymolybdate anions are corrosion inhibitors in acid solutions, 
but the commercial application as inhibitors at the present time is far less than the simple 
molybdateS. 
44'58,72-75 
2.2.2 Molybdate/Phosphoric acid Coatings 
76 Kurosawa. et al. have reported investigations into a chemical conversion treatment for steels in a 
molybdate-phosphoric acid solution. 'Me solution pH was varied and the resultant conversion coating 
characteristics studied on mild steel substrates. Between pH I to 6, closely adherent, uniform coatings 
were formed, the coating weight was noted to increase with the acidity of the treatment, achieving a 
maximurn at pH 2. It was established that the rate of fort-nation of the conversion coating on the steel 
followed a linear growth pattern during immersion times of 10 to 60 minutes. At pH 6.8 to 12, coatings 
were not apparent, the authors believed that a thin passive film. was already present on the steel surface. 
Initially, it was suggested that iron dissolution occurs which accelerates with increasing acidity of the 
coating solution, followed by phosphoric acid reacting to form insoluble iron phosphate, Fe2(PO4)3, 
which co-precipitates with FeMo04 77 to cover the active area existing on the metal surface. The entire 
surface was then thought to be covered with a closely, adherent uniform conversion coating. Surface 
analysis using Auger electron spectroscopy revealed that the coating contained a mixture of 
molybdenum, iron, phosphorous and oxygen. Infra-red spectroscopy indicated the presence of some 
entrapped molybdate and phosphate ions. Neutral salt spray tests were conducted, where conversion 
coatings had a subsequent paint finish. The results revealed that the highest corrosion resistances were 
obtained from solution treatments in the range of pH 4 to 6. 
Further studies by Kurosawa et al. 78 have centred on the effects of oxidising agents on the 
fonnation of conversion coatings for steels, when immersed into molybdate-phosphoric acid solutions. 
The oxidising agents studied included NaN03. NaN02, NaCIO3, H202, Na2Cr07 and KMn04. Addition 
of the oxidising agents to the treatment solution was considered to accelerate the iron dissolution, as the 
oxidising agents were considered to act as cathodic inhibitors. T'he effects on the rates of conversion 
coating formation were summarised as follows: 
(a) When film formation was high, in the case of NaCIO 3 and NAN02, it was thought that the oxidising 
agents with moderate oxidation power were reduced at local cathodic sites on the steel surface and 
accelerated the iron dissolution. Corrosion products were consequently produced in quantity, and were 
then deposited to form the conversion coatings. 
(b) Where no coatings were formed, even in strongly acidic conditions, the oxidising agents (Na2Cr07 
and KMnO4) had too strong an oxidising capability, the metal surface was passivated before the coating 
could be formed. Due to the high oxidation-reduction potential, the reduction processes of the hydrogen 
or oxygen ion at cathodic sites were stopped, thereby suppressing iron dissolution, resulting in no 
fonnation of a conversion coating. 
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(c) When the formation rate was equal to that of the solution with no oxidising agent present i. e. with 
NaNO3, it was concluded that the oxidising agent was too weak and iron dissolution was not accelerated. 
(d) When H202 was added, the oxidising power was stronger at pH 5 than at pH 2, resulting in a greater 
rate of coating formation under the former coating conditions. 
The overall conclusions were that a moderate oxidising agents are appropriate for accelerating 
the formation of conversion coatings on mild steel, with NaCIO3 or NaNO2 at pH 2 and NaNO2 or H202 
at pH 5 suitable as oxidising agents for the molybdate-phospboric acid treatment solutions. 
2.2.3 'MolyPhos' Treatments 
A heteropolymolybdate treatment based on a molybdate and orthophosphoric acid solution has 
been developed for zinc-based electrodeposits by P. Tang and co-workers. 79-81 The 'MolyPhos' treatment 
appears to be effective only by controlling the solution composition, to two critical Mo/P ratios of 0.33 
(MolyPhos 33) and 0.66 (MolyPhos 66), at a temperature of 60"C. The resultant coatings were shown to 
accept the application of a post-treatment such as a paint, sealer or lacquer, giving further improvements 
in the corrosion performance. 
The coating process consisted of an immersion in the treatment solution, with process times 
between 80 to 130s for the MolyPhos 33 and 100 to 180s for the MolyPhos 66, required to give desired 
coating finishes. Using Auger analysis revealed the presence of molybdenum, oxygen, phosphorous and 
zinc in the resultant coatings. The valency of the molybdenum within the coatings was found to be 
Mo(II), except in the initial few atomic layers where Mo(V) and Mo(VI) were identified. The corrosion 
resistances of the MolyPhos treatments were compared with a yellow chromate coating, using neutral salt 
spray corrosion tests and a novel method known as corrosion measurement by fitration (CMT). 8' The 
CMT method maintains accurately the pH value in the corrosion cell, using a titration unit and an auto- 
burette. The coated surface is part of a rotating disc electrode, which is rotated at 1000rprn to ensure 
uniform corrosion when immersed into a 3% NaCI solution. The CMT test indicated that both 
MolyPhos 33 and 66 coated electrodeposited zinc had similar or lower corrosion current densities than 
the yellow chromate passivated surface. Neutral salt spray tests for the MolyPhos 66 coating on 
electrodeposited ZnCo alloy showed that it was inferior to the yellow chromate. Prohesion tests, a 
slightly acidic cyclic salt spray test, showed that after 84 cycles (one hour salt spray + one hour drying 
period) MolyPhos coated zinc surfaces had a slightly improved white rust-resistance rating in comparison 
to the chromate treatment. Finally in outdoor exposure tests on zinc substrates, the best molybdate-based 
treatments gave apparently similar corrosion performances as those of the yellow chromate passivated 
surfaces. 
Tang et al. concluded that the corrosion resistance of the 'MolyPhos' coatings was dependent on 
the acidity of environment. 'Me 'MolyPhos' treatments appeared to be most effective at lower pH values, 
which is the opposite behaviour to the chromate-based passivation systems. It was thought that during 
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the exposure time of the MolyPhos coatings, a 'dry period' was essential. Tests such as the neutral salt 
spray and the humidity test, do not allow the coatings to dry-up and consequently the MolyPhos 
treatments gave inferior performances in these tests. A second coating, such as a sealant was considered 
to improve the resistance of the total system, in order to reach acceptable corrosion performances in tests 
such as the neutral salt spray. 
Investigations by Fang et al. . 
93 on 'protective-decorative' conversion coatings for mild steels, 
utilising heteropoly acids, has indicated that treatments in a silicomolybdic acid (SiMo) solution gave 
superior corrosion performances in comparison with other heteropoly acids. The treatments consisted of 
a simple immersion into the coating solution for 5 minutes. The CuSO4 drop test was used to primarily 
evaluate and rank the corrosion performances of the various heteropoly coatings, resulting in the SiMo 
coating appearing to gave the most effective performance. Further tests were performed on the SiMo 
coating including an accelerated H2S corrosion test, 84 where after 40 hours the coating was considered to 
be almost uncorroded. A preliminary electrochemical corrosion test employing an anodic polarisation in 
a 3wt. % NaCI solution was performed. Fang concluded as a result of the treatment producing lower 
current densities than an unpassivated mild steel specimen, the SiMo coating possessed good corrosion- 
resisting properties. Analysis indicated the presence of iron in the coating as Fe(ll) and Fe(III), while 
molybdenurn as Mo(VI) was evident at the surface of the coating, but within the coating both Mo(IV) 
and Mo(VI) were apparent. Ile relative composition of molybdenum and silicon within the coating was 
also determined as 13% and 9% respectively. 
2.2.4 Molybdate Species Incorporated into Aluminium Filins 
Shaw" has demonstrated the possibility of electrochemical incorporation of molybdenum into an 
aluminium. passive film, significantly improving the pitting potential. The passivity enhancing treatment 
consisted of potentiostatically polarising the specimen at an overpotential of +300m. V(SCE), for 2 hours 
in a molybdate solution. The alurninium surface was prepared by sputter-deposition of 99.99% pure 
aluminiurn onto silicon substrates. The anodic behaviour of the treated aluminiurn surfaces were 
examined by immersion into a 1000ppm. chloride solution, which showed the entire polarisation plot had 
shifted by 500m. V(SCE) in the positive direction. The passive current density measurements, both with 
and without the molybdate treatment were of the order of a few ýLAcmý, it was suggested that the 
enhanced passivity was probably due to improved repassivation kinetics rather than any inherent 
resistance. Similarly, molybdenum has been reported86 to play a major role in the repassivation of iron 
passive films. Analogous improvements in the pitting resistances were noted by Moshier et al. 87,98 as a 
result of alloying aluminium with molybdenum and were linked to the incorporation of MoO, '- within 
the aluminiurn passive filin. Shaw concluded that the enhanced passivity resulted from the incorporation 
of Mo-containing species within the aluminium oxide rather than adsorption on the surface. XPS 
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analysis identified several valency states of molybdenum in the passive film, hydrated Mo(IV) species 
and MoO, '- and M003- Only a small amount Of M003 was present after treatment, which appeared to 
completely disappear with polarisation. The hydrated Mo(IV) concentration in the film at all potentials 
was approximately 3 to 5 times greater that that of the MoO'- species, although earlier work by Shaw 4 
has indicated that M002- was the predominant Mo-species in this type of film. 4 
Moshier'9 has reported, using XPS analysis, the interaction of molybdatcs with aluminium 
surfaces. After exposure the films formed generally contained several different states of molybdenum, 
W' was identified which was thought to be MoO2, and two W' species considered most likely to be 
molybdate and M003- T'he interaction of the molybdate anion with the aluminium was studied over a 
range of solution concentrations. XPS analysis revealed a change in chemistry of the passive film 
between 10 and 1000ppm M002- . Below 100ppm, the film was composed mainly Of M002, with 4 
M002- 
4 identified at about 25% of the total molybdenum present and M003 accounting for 
less than 
10%. As the molybdate concentration was increased, the molybdate present within the film was found to 
increase, whereas M002 diminished rapidly. Moshier concluded that the change in the film chemistry 
was a function of molybdenum concentration indicating that the film stability was dependent on solution 
chemistry. In solutions of low molybdate concentration, the film formed was thicker and contained less 
A13+ than that of solutions containing more than 100ppm molybdate. in both cases, the film developed in 
a series of steps, initially, molybdate at the interface with the alurninium air formed film reacts to form 
M003- In the case of the surface exposed to 10ppm molybdate, the film thickened after an incubation 
period, the potential became more active and most of the molybdenum appeared as MoO2. Anodically 
polarising the aluminiuin did not significantly change the chemistry of the films exposed to solutions 
containing high molybdate concentrations. Using XPS high resolution spectra, the observed Mo 3d 
spectrum remained unchanged, and the Al spectrum showed that the film grew during polarisation, with 
the Alo/A13+ ratio decreasing. In contrast, the Mo 3d spectrum did change during polarisation in solutions 
containing less than 100ppm molybdate, and the MoO, '- peak eventually contributed to most of the Mo 
3d signal. The results show the necessity for the film to contain M002- in order to control the pitting 4 
process. Unlike MoO2, which is deposited from solution and does not restrict the movement of anions or 
cations in the film, MOO' restricts the ingress of Cl'by forming a highly charged film. 4 
2.2.5 Other Patented Molybdate Treatments 
Ellis and Williams" have developed a conversion coating based on molybdenum and phosphate 
compounds, primarily for the manufacture of aluminiurn cans, although the process was considered to 
have applications for the treatment of steel surfaces, zinc and aluminium coated materials such as 
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galvanised or aluminium-zinc coated steels. In addition to the corrosion resistance provided, the resultant 
uniform, colourless and clear coatings provide good adhesion for any overlying coatings i. e. paints or 
lacquers. 'Me patented coating solution was a treatment contained phosphate, fluoride, molybdate, nickel 
and one or more components of, titanium, zirconium, hafnium. or cerium (fitanium was only reported for 
the patent application). The incorporation of nickel into the aqueous coating solution was suggested so 
as to provide improved coating times in situations where the substrate surface contained a high 
percentage of zinc. 
Satisfactory coatings were produced from solutions containing as little as 4xlO-4M of either 
titanium, zirconium, hafnium or cerium and about 5xI 0,5M molybdenum, however, higher 
concentrations were required in order to produce satisfactory coatings depending on other parameters of 
the coating process. The coating solution was reported to dissolve the metal substrate, leading to a 
gradual build-up, of dissolved aluminium or zinc. To prevent or deter any adverse affects due to the 
presence of substrate metal ions, the coating solution contained sufficient fluoride to complex the 
dissolved metals. The pH of the coating solution can vary over a wide range from about I to 8. At higher 
pHs phosphate precipitation can cause problems, the optimum pH range was suggested to be within 1.0 
to 5.0. The pH of the solution could be adjusted by using appropriate acids which would not adversely 
affect the coating processes. Coatings were applied to the metal surface over a range of temperatures, 
from 0"C up to 95T, although a temperature range of 40*C to about 800C gave the optimum coating 
conditions. The conversion coatings applied to alurninium surfaces, were analysed by SEM and were 
found to contain, as integral components of the surface coating formed, molybdenum, titanium and 
phosphorous, in the approximate atomic ratios of 2: 3: 5 respectively. The ratio of these essential 
elements of the coating appeared constant within the broad range of solution operation parameters such 
as pH, temperature and treatment times 
A patent by Kobe Steel9' relates to a corrosion protection treatment for zinc-coated materials 
such as galvanised steel or zinc coated steels, and more particularly to a method of corrosion protection 
treatment which protects zinc coatings on the surface of steels against white rust. The patent describes a 
treatment involving the immersion of the zinc coated materials in an acidic solution containing at least 
molybdic acid or a molybdate adjusted to pH of I to 6 by addition of an organic or inorganic acid.. 
Among the acids, phosphoric acid was especially superior with respect to the appearance of the treated 
material after the chemical treatment, the stability of the treatment and the corrosion resistance of the 
coating film. This was believed to be a consequence of the formation of a heteropoly complex of 
phosphomolybdate by reaction with phosphoric acid. Ile superior corrosion performance of H3PO4 acid 
was considered to be attributed to the synergistic effects of a passive film which fortned in the acidic 
bath by molybdenum. It was reported that the resulting corrosion protection afforded by the film was 
attributed to the concentration of molybdenum species relative to the pH of the treatment solution. With 
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high concentrations of molybdenum, it was possible to form a satisfactory coating in a relatively high pH 
solution. Conversely, the corrosion performance became deficient when the solution had a pH greater 
than 6. It was found that the pH of the treatment bath should be kept preferably within the range of I to 
4 to achieve the most suitable coatings. Furthermore, for this treatment, it was sufficient to maintain the 
bath solution at room temperature i. e. 200C. The treatment time to produce a corrosion resistant film on 
zinc was less than I second, this ensured stable forniation of the coating. Excessive increases in this 
process time did not produce substantially more corrosion resistant coatings. 
2.2.6 Peroxomolybdate Compounds 
It has been shown the addition of hydrogen peroxide to molybdate solutions at varying pH 
results in a large number of number of peroxomolybdate species, with the tetranuclear and heptanuclear 
complexes closely related to the isopolymolybdates. 92-96 The peroxo ligand (0'- ) is capable of 2 
substituting for a terminal oxo ligand 02-, such that there is no gross change in geometry of the species. 
The designation of coordination number in peroxo species is equivocal since a side on bound peroxide 
can be considered to occupy either one or two coordination sites, although in general the 02- is non-nally 2 
considered to occupy two coordination sites. 97 
[M0702416'+ 2H202 -E- [M07022(02)216- + 2H20 (2.29) 
A structural representation of reaction (2.29) can be seen below. 
2H202 V" 
0- Oxygen *- Molybdenum 
2H20 
The peroxomolybdatc species can thus be considered as a stable intermediate, in the 
thermodynamically favoured decomposition of hydrogen peroxide to water and oxygen. 
2H202 
-v-'- 2H20+02 (2.30) 
To date no investigations have been reported concerning the utilisation of the peroxomolybdate 
species to produce conversion coatings on metal surfaces. 
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2.3 Cerium-based treatments 
2.3.1 Cerium and Rare Earth Metal (REM) Inhibitors 
The effectiveness of REM salts as inhibitors was first demonstrated by Goldie and McCarroll'98 
cerium and lanthanurn nitrates were reported to have inhibitive efficiencies for mild steel in 3.5% NaCI 
solutions of 91% and 82% respectively. Further studies by Hinton et al. 99 revealed that cerium chloride, 
CeC13.7H20, was an effective corrosion inhibitor for mild steel in quiescent soft water. Concentrations 
of, as little as 50ppm at pH 5.5, were required to produce significant reductions in corrosion rates. 
Potentiodynamic polarisation studies by Hinton and co-workers 100-103 have been undertaken to investigate 
the mechanism of corrosion inhibition afforded by various REM salts, for a number of substrates, 
including aluminium, zinc and mild steel. Potentiodynamic polarisation studies on 7075 aluminium 
alloy have shown that when immersed into a OAM NaCI solution, the corrosion potential (E,, o, ) and 
pitting potential (Epit) for the 7075 alloy were almost identical and oxygen reduction was considered as 
the main cathodic reaction. With the REM salt addition, the cathodic curve was observed to be shifted 
towards more negative potentials and to lower current densities, which indicated a decrease in the rate of 
oxygen reduction. Consequently, the corrosion potential was reported to shift to more negative 
potentials away from Epit and the aluminiurn was thought to become passive. lie magnitude of the shift 
was dependent on the REM salt. With aluminium. alloys an increase in the difference between E., and 
Epit was associated with increased corrosion resistance, particularly to pitting. 100 
Polarisation curves obtained for mild steel in soft and tap water showed as expected the oxygen 
reduction reaction was the dominant cathodic reaction during corrosion. The addition of CeC13 reduced 
the current density by an order of magnitude. It was thought that the presence of Ce 3+ in the solution 
reduced the rate of oxygen reduction. Similarly, cathodic polarisation curves for zinc '03 in quiescent 
NaCI solutions were examined at potentials just negative of E., and found that again oxygen reduction 
was reduced in the presence of CeC13- When a specimen was immersed for 64 hours in a 1000ppm. 
CeC13 solution, it was observed the surface became covered with a yellow film. After cathodic 
polarisations, all three metal substrates had yellow/blue films evident on the surfaces, similar to those 
noted in the inhibition studies. Overall, the polarisation curves were thought to indicate that the presence 
of REM cations in solution reduced the rate of the oxygen reduction, with the most pronounced effect 
exhibited by cerium cations with alurninium alloys. 
Surface analysis using SEM revealed that the cerium-based films on 7075 alloy were not 
uniform in nature. 104 The principle feature recorded by Hinton was a finely structured background film 
on which larger particles with lateral dimensions of the order of I to 20gm were apparent. The shape 
104 
and crystallinity of the particles was dependent upon the REM cation. Auger depth profiles of 
exposed 7075 alloy surfaces indicated that -200nm films consisted of hydrated aluminium, and rare earth 
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oxides. No identifiable trends in the film thickness or composition could be determined. Hinton et 
al. 100,102 have proposed a coating mechanism for the formation of REM films on metal surfaces. It was 
suggested that at the metal surface dissolution occurred at grain boundaries or submicroscopic features 
such as flaws in the initial oxide film. Conversely, the cathodic processes (e. g. oxygen reduction) 
generate alkaline conditions close to the metal surface. The increase in alkalinity was believed to lead to 
localised precipitation of hydrated REM oxide and thus film formation. It was the view of Hinton and 
Arnott'05 that the development of large particles on the coating surfaces was an indication that even 
though complete coating was apparent, anodic and cathodic processes were still continuing possibly 
through the submicroscopic defects. Hinton and co-workers have concluded that the development of the 
REM oxide film at the cathodic sites on the metal surfaces creates a barrier to the supply of oxygen or 
electrons for the oxygen reduction reaction. Consequently, the rate of this reaction would then be 
reduced and since the reaction is rate determining for the corrosion processes under aerated conditions, 
corrosion inhibition was provided by the resultant coatings. 
2.3.2 Cerium Coating Treatments 
Having established that the addition of cerium salts to NaCl solutions significantly reduced the 
corrosion rates of 7075 aluminium alloy. 100 Hinton et al. 106 have as a result, investigated the application 
of a conversion coating on 7075 aluminium alloy using cerium salts by immersion and cathodic 
polarisation. The 7075 alloy surfaces were exposed to 1000ppm CeC13 solutions for periods up to 161 
hours, a yellow film was observed to progressively cover the surfaces. Polarisation studies in a NaCI 
solution indicated a substantial suppression of the oxygen reduction reaction, the cathodic kinetics 
appeared to be markedly diminished. This was reported to be consistent with previous investigations 
undertaken by Hinton and co-workers. Coatings were also prepared by a galvanostatic procedure at 
various current densities between 0.1 to 2. Mdmý. With increasing current density the films became 
increasingly rough and irregular in shape. Corrosion tests utilising a polarisation in a NaCl solution again 
indicated a decrease in the rate of the oxygen reduction reaction at cathodic sites, no apparent effect on 
the anodic kinetics could be determined. The higher current treatments were reported to be less effective. 
Hinton reported a similar coating mechanism for the conversion treatments as the one considered 
for the inhibition investigations. At anodic sites, such as flaws in the aluminium oxide film, metal 
dissolution occurred. Conversely, at cathodic sites the pH increases resulting in the precipitation of 
cerium oxides and hydroxides. With exposure to the coating solution, a complex film covers the surface 
as other cathodic sites become active. For the formation of coatings from imposed currents, the 
reduction reactions generate alkaline conditions at the metal surface, thus accelerating the growth of the 
cerium-based coating. Increased hydrogen evolution was also observed which gave the coatings a 
blistered surface, where the coating was thought to deposit at the bubble surface. With increasing current 
densities, further precipitation occurred in the form of spherical clusters over the blister sites. XPS 
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analysis revealed that the coatings were a mixture of aluminium oxide and ceriurn. oxide/hydroxide, 
depth profiles indicated that the aluminium oxide and cerium oxides grew and thickened together, 
representing a significant difference to coatings prepared by the immersion treatments. 
To overcome coating problems associated with hydrogen evolution during the polarisation 
treatments, various organic solvents for cerium salts were examined. 106 Most success was obtained with 
10,000ppm Ce(N03)3 in 2-butoxyethanol, prepared on 7075 alloy at various voltages and treatment 
times of upto 90V and 1200s respectively. The resultant films were reported to be uniform and adherent, 
with the thickness appearing to increase with increasing applied voltage and time of deposition. A 
mechanism of formation was not fully described, although it was concluded that the deposition was 
electrochemical in nature. The coating was suggested to occur due to the reduction of cerium nitrate to 
the oxide at the metal surface or perhaps alternatively, oxygen at a saturated level in solution may 
cathodically reduce to form hydroxyl ions, which could subsequently precipitate cerium 
oxide/hydroxide. 
2.3.3 Cerium-based Treatment Patent 
Wilson and Hinton 107 have developed a rapid process involving a simple immersion into an 
aqueous solution of CeC13 and hydrogen peroxide, which was reported to successfully produce coatings 
for a range of metals including aluminium, zinc cadmium and magnesium. The patent established the 
method involving a solution of a cerium salt, CeC13, and H202, to form an aqueous acidic solution in 
which the cerium cations are substantially oxidised to the IV oxidation state. Wilson and Hinton 
considered that the coating formation mechanism on aluminiurn and zinc surfaces involved the following 
mechanism. 
2CcCI3 + 3H202 2CcCI30. OH + 2H20 (2.31) 
CeC130-OH + 3H20 Ce(OH)3. OOH + 3HCI (2.32) 
Cerium chloride and hydrogen peroxide react to form ceric cbloroperoxide (2.3 1). The acidic solution 
formed had a pH value of approximately 2.0 and when the metal substrate was immersed, dissolution of 
the initial surface layers and hydrogen evolution was thought to occur. The evolution of hydrogen 
resulted in an increase in the pH at the metal surface resulting in the precipitation of ceric hydroperoxide 
(2.32), as a thin film. On drying the coating converts from ceric hydroperoxide to a hydrated cerium 
oxide. Corrosion resistances have been reported indicating that for treated zinc surfaces, corrosion rates 
of up to 8 times less than for uncoated surfaces were obtainable. The formation a cerium-based 
conversion coating by this method was considered by Hinton to confer a number of advantages in 
comparison with other known techniques. It is not dependent on the application of cathodic currents to 
form the coating in a reasonable time, also the method results in coatings that are uniform and have good 
corrosion-resisting and paint adhesion characteristics. 
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2.3.4 'Stainless Aluminium' Treatment 
Mansfeld et al. 108 have recently developed a process for the surface modification of aluminium- 
based materials, involving a number of cerium salts followed by anodic polarisation in a molybdate 
solution. The approach taken in earlier work'O' had previously involved immersion of aluminiwn based 
materials in rare earth metal salts such as CeC13, NdCJ3, or PrC13. Whilst very corrosion resistant 
surfaces have been obtained in this manner for aluminiurn alloys such as Al 6061 and to a lesser degree 
aluminium. based metal-matrix composites, an immersion time of 7 days makes this process unattractive 
for practical applications. 
711ie 'stainless aluminiurn! coating has been achieved by using two methods of surface 
preparation. 'Me first, involving immersion of the aluminium surfaces in 5mM CC(N03)3 at IOOT for 2 
hours, immersion in 5mM CeCl3 at I OOOC for 2 hours. Secondly, an anodic polarisation treatment was 
carried out in 0.1 M Na2Mo04 deaerated with N2 at a potential of +5 OOmV(SCE) for a further 2 hours. 
Ile properties of the modified surfaces were studied using potentiodynamic polarisation tests and 
SEM/EDX spectroscopy. 'Me treated aluminiurn surfaces did not show any signs of uniform or localised 
corrosion during immersion in 0.5N NaCl for 60 days. 
Polarisation curves were obtained by Mansfeld in order to determine the mechanism by which 
the addition of the molybdate species improved the corrosion performance. Comparisons of anodic 
polarisation curves in aerated NaCl solution indicated that for untreated 6061 alloy, the corrosion 
potential (Eff) and pitting potential (Epi, ) were identical at -708mV(SCE). For a specimen with only the 
Ce(NOA /CeC13 treatment for 4 hours, both E., and Epit shifted in the anodic direction by 
140mV(SCE). Dramatic changes were observed for a specimen which had been treated in addition with 
the anodic polarisation in the molybdate solution. The E,, ), had shifted to 485mV(SCE), Epit was - 
325mV(SCE) and the passive current density (ip., ) was less than 0.003gAcrtf2. Ile value of ip. was 
three orders of magnitude lower than that reported by Shaw et al. for aluminium. sputtered filins. 110 After 
immersion in a NaCI solution for I month, E., had shifted to -691mV(SCE) and Epit had decreased to - 
534mV(SCE), with the difference between the two potentials remaining nearly unchanged. 
A very unusual polarisation curve was reported by Mansfeld for a surface modified 6061 alloy 
surface after exposure to NaCl for I month. When anodically polarised, initially only a very small ipa, 
was recorded, upon reaching Epi, the current increased and a polarisation curve with an active/passive 
transition and a wide passive region was obtained. After the test, surface analysis indicated that one very 
small pit had developed while the remainder of the surface was completely unattacked. Mansfeld 
concluded that the polarisation curve was that of a single pit. The cathodic polarisation curves in 0.5N 
NaCl showed that the oxygen reduction reaction was much slower on the modified surfaces, which at a 
potential of -800mV(SCE) was only about 1% of that of the untreated surface. 
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The effects of damage to the modified surface were studied, by applying a deep scratch to a 
specimen of aluminium which had been treated with the surface modified process and then exposed to 
NaCI for 25 days. No evidence of uniform or localised corrosion was apparent, thereby indicating an 
absence of a large efficient cathode for oxygen reduction and hence no driving force for accelerating 
dissolution within the anodic sites. Mansfeld et al. have considered that the surface modification process 
can produce surfaces with exceptional resistance to uniform and localised corrosion, with the rates of 
both anodic and cathodic reactions drastically reduced by the treatment. 
Kendig and Thomas"' have more recently examined the 'stainless aluminium' treatment by 
Mansfeld. 108 To determine whether the cerium and molybdenum compounds played a significant role in 
the formation of the protective oxide film or whether these compounds could be replaced by non-heavy 
metals and perhaps less costly constituents comprising of borate and nitrate electrolytes. Four systems 
were investigated and are described as follows: 
(i) Immersion in hot (100*C) lOmM Ce(NO3)3 for 2 hours, then in hot 5MM CeC13 for 2 hours, before 
polarising in deaerated OAM Na2MoO4 at +500mV(SCE) for a further 2 hours, in accordance with the 
stainless aluminium treatment. 
(ii) Immersion in hot 30mM NaN03 for 4 hours followed by polarisation at +500mV(SCE) for 2 hours 
in a 0.1 M borate solution buffered to a pH of 9.6 (the pH of 0.1 M Na2MoO4). This was the heavy-metal 
free treatment. The nitrate ion concentration was identical to that used for the stainless aluminium 
process. 
(iii) Inunersion in hot 30m. M NaNO3 for 4 hours followed by anodic polarisation in the molybdate 
solution at +5OOmV(SCE) for 2 hours. This was the nitrate/molybdate treatment. 
(iv) Immersion in hot CeC13 solution as per the 'stainless aluminium! process, but polarised in buffered 
borate for 2 hours at +5OOmV(SCE). This was the cerium/borate treatment. 
From electrochemical impedance spectra, it was found that the cerium and molybdenum 
compounds in the stainless aluminium. process played a synergistic role in producing a corrosion resistant 
film on 6061 alloy. Neither compound when used in isolation produces such a protective film. The 
heavy-metal free treatment formed a slightly inferior protective film for localised corrosion, compared 
with that produced by the stainless aluminium. process. Kendig and Thomas have suggested, the 
synergistic effect of the cerium and molybdenum. compounds resulted from the inclusion of both species 
within the film, providing two complementary functions which resulted in a corrosion resistant coating. 
it was concluded that cerium formed very stable and insoluble oxides which reinforced the 
hydrothermally grown alumina fihn. The ceria species in the film, however, play no active role in 'self 
healing' the coating. The latter role is provided by oxidising molybdic acid species concentrated in the 
film as a result of the anodic polarisation. Kendig and DavenporP9 have observed that the chromate 
conversion coatings can provide both of these functions, the reduced chromium (111) oxide provides a 
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very stable barrier, whereas, the incorporation of residual he)Cavalent chromium provides an oxidising 
passivator for film repair. 
2.3.5 XANES of a Cerium Coating 
Davenport et al. ' 12 have investigated cerium containing films on aluminium. and aluminiurn alloy 
5052 using XANES (X-ray Absorption Near Edge Structure). The Ce LH, and Ce L, absorption edges 
were studied which were thought to allow clear distinctions to be made between cerium (III) and (IV). In 
the investigation, the cerium films studied included those deposited during immersion of alurninium. 
substrate specimens at open-circuit for several days in CeC13 solution, and those formed by cathodic 
polarisation of specimens for periods of 30 min. The latter coating processes were undertaken in a 
solution where the pH value was increased to 8, in order to increase the ratio of Ce(IV) to Ce(III) in the 
solution, to enable the reaction (2.33) to take place during polarisation. 
Ce(OH)"- + OH-+ C K-' Ce(OH)3 (2.33) 
The investigation determined how the deposition processes influences the chemistry of the 
resulting surface film and how the cerium chemistry in turn relates to the corrosion protection. 
Preliminary work using XANES, showed that the structure of the Ce L, edge could be used to determine 
the valency of the cerium in oxide films on aluminium. 113 Using the Pourbaix diagram, 64 the behaviour 
of cerium as a corrosion inhibitor can be theoretically determined, however, the E-pH diagrams can give 
a misleading picture when considering other envirom-nental factors, such as Cl' ions. T'he value of EO is 
known to be sensitive to the anions present, chloride ions can lower the E" by 400 mV. 'Mis can be 
significant when considering reactions like 
C 3+ )2 e+ 2H20 Ce(OH 2+ + 2H+ + e' 
(2.34) 
which will occur at lower potentials, thus allowing the oxidation of Ce(Ill) to Ce(IV) by oxygen to take 
place more readily in aerated solutions of high pH. Davenport et al. have demonstrated the formation of 
Cd" under such conditions was possible by the co-deposition of AI(OH)3 and an alkaline solution of 
CeC13. The persistence of Ce 3+ in the specimen formed by a similar precipitation from a neutral solution, 
showed that the formation of Ce3" was not an artefact of the deposition or a drying process. 
The presence of C64' in the solution and the formation of predominantly Ce3+ in the oxide film 
on the aluminium surfaces which had received cathodic polarisation treatments, indicated that the 
reaction (2.33) was indeed taking place during the formation of the film. This was considered to indicate 
that oxygen had a dual role in the corrosion inhibition of cerium, its cathodic reduction increases the pH 
of the solution at the metal surface, increasing the stability of Ce(IV) which forms as the oxygen oxidises 
Ce(111). From the Pourbaix diagram it can be determined that Ce(III) is less stable than Ce(IV) in the pH 
range of 8 to 10. A pH and oxygen gradient was thought to form adjacent to the metal surface where 
oxygen reduction took place. Within this gradient Ce(Ill) was believed to be more likely to precipitate 
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out before it reached the substrate surface, whereas the Ce(IV) was sufficiently soluble to reach the 
surface. At the substrate surface cerium deposited in the Ce(IV) state or it was reduced to the Ce(Ill), in 
either case it formed an insulating, cerium-rich oxide/hydroxide film. The valence changes in the 
cerium-rich films formed on the evaporated aluminium films were the same as those on polished 
specimens of 5052 alloy. This was considered an indication that the nature of the alurninium. substrate 
does not significantly affect the interaction of cerium with the alurninium oxide film. 
Long-term exposure of the aluminium specimens to NaCI solution lead to the conversion of any 
Ce(Hl) to Ce(IV). 'Me open-circuit potential of the aluininium substrate was approximately -800 
mV(SCE), significantly below the potential of thermodynamic equilibrium between Ce(OH)3 and Ce02 
which was +400niV(SCE), Davenport suggested that the cerium containing oxide which chemically 
converts to Ce(IV) is electronically insulated from the aluminiuni substrate. This was thought to be 
consistent with the theory of cerium as a cathodic inhibitor, slowing down the rate of oxygen reduction 
reaction by precipitation of an insulating film over the cathodic sites. 
2.4 Zirconium-based treatments 
Zirconium-based coatings were initially developed from the requirement of the canning industry 
to find an acceptable alternative for chromate-based coating systems. An advantage with the zirconium 
oxide films is the very short treatment times, with the claim that satisfactory coatings can be obtained 
with immersion times ranging from one second to one minute. ' 14 Although zirconium-based treatments 
are recognised as viable chromate-free pre-treatments for aluminium surfaces, this type of coating has 
been less widely used for zinc-based substrates. ' 15"116 In practice most zirconium coatings are primarily 
utilised as pre-treatments for a subsequent organic coating/lacquer and as such would not presumably 
have the 'stand alone' capabilities for some of the end uses of unpainted zinc surfaces. 
A coating process primarily developed for the canning industry, primarily for tinplate surfaces, 
can also be applied to galvanised coatings-115 The process is comprised of two stages, an initial 
immersion of the tinplate surface into an zirconium complex solution, for example ammonium zirconium 
carbonate. Which is then followed by heating the resultant film to a temperature between 20 and 300*C, 
until the surface is chy giving a protective COafing ZI'02- 
L. Gat-Or and co-workers have recently produced zirconia coatings (ZrO2) from zirconium- 
containing solutions by an electrochemical technique! 17,1 18 The formation of a ceramic coating by 
electrochemical means is relatively new and was first described by Switzer'19,120 who originally 
demonstrated its use by producing CeO2 and ZrO2 coatings. 'Me coating procedure has yet only been 
reported for graphite and titanium substrates. The technique utilises cathodic treatments in zirconium- 
containing solutions, thus stimulating cathodic precipitation of zirconium hydroxide and finally using a 
bake at 400-6000C to transform this to 
ZrO2. 
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The sequence of reactions leading to the oxide formation has been proposed as: 
(i) dissolution of zirconyl nitrate, 
ZrO(NO3)2 Zro2+ + 2NO3- (2.35) 
(ii) hydrolysis of the zirconyl cation, 
ZrO2'+ H20 Zr(OH)" (2.36) 2 
(iii) the interaction of the hydrated cation with OFF ions, generated at the cathode by reduction reactions, 
Zr(OH)2,. + 20H- Zr(OH)4 (2.37) 
(iv) the dehydration of the hydroxide to give zirconia, 
Zr(OH)4 '-Z 2" Zr02 + 2H20 (2.38) 
The Zr(OH)4 may form as a result of two successive steps, an initial electrochemical generation of OFF 
and then a chemical reaction between the latter and the zirconyl cations. Zirconium-based coatings were 
obtained from quiescent conditions, and the films were dried in air at room temperature, although further 
investigations have examined elevated drying temperatures! 18 Coatings were obtained at current 
densities ranging from 15 to 100 mAcm72, and time durations of 10 to 60 minutes. Optimal conditions 
for the formation of zirconia coatings were determined to be low current densities and short coating 
times, in view of the non-conducting nature of the resulting oxide. 
2.5 Miscellaneous Systems 
2.5.1 Tungstate-based coatings 
The application of this treatment system to form conversion coatings has not been widely 
reported. The anodic and cathodic polarisation characteristics of tungstate solutions have been 
investigated for zinc solutions 52,60 and shown to be capable of producing grey-gold coloured coatings, 
with preliminary corrosion tests indicating only a limited corrosion perfon-nance. Passivation treatments 
for tin-zinc alloy have been described by Cowiesen et al. 121,122 with moderate success, though still 
inferior to the chromate treatments. The tungstate treatment involved a coating solution 123 containing 
sodium tungstate at pH 9.0 (buffered with sodium borate) and a current density of 5mAcm72which was 
either applied cathodically, or by an anodictcathodic alternating cycle. 'Me resultant coating produced a 
similar degree of protection as that of a molybdate treatment with respect to the onset of wMte corrosion 
products, but the former lacked the delay in the breakdown of the alloy coating. 
The most significant study of tungstate coatings has been achieved by Van de Leest et al. 123-121 
for tinplate. Using a 0. IM sodium tungstate solution at pH 9.0, buffered with l0gl'I borax, a periodic 
reverse current process was utilised to form the conversion coatings. it was concluded that the coating 
contained tungsten only as a minor constituent, and the resultant coating was described as a basic tin(II) 
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oxide partly replaced by a tungstate compound (xSnO. ySnWO4-zH20). The corrosion performance was 
assessed by salt spray and electrochemical corrosion tests, where the latter indicated the corrosion rate 
was determined by the diffusion of reactants or corrosion products through the conversion coating. 
2.5.2 Cobalt complexes 
Kim and Song 126 have reported the attempted use of cobalt complexes to form conversion 
coatings on zinc surfaces. Ile treatments were based on cobalt(III) hexa-coordinated complexes of the 
type Me3[Co(NO2)6], where Me = Na, K or Li. Treatments appeared to be five minutes immersion, 
coatings varying from yellow-grey to dark grey. Corrosion testing in the form of neutral salt spray 
suggested the passivated surfaces from these solutions were ineffective even when further enhanced, with 
what the authors describe as aNi-sealing' process. 
2.5.3 Trivalent Chromium Processes 
Trivalent chromium based processes, as their generic name suggests, lack a Cr(VI) content to 
their formulation and hence are far less toxic. Their adoption by industry indicates their efficacy 
although the lack of a wholesale replacement of chromate suggest the applicability in some conditions 
may well be inferior. A trivalent system has been reported in the literature for zinc 
127 
, this relies on 
sodium nitrate as an oxidant as well as sodium hypophosphite to increase the stability of the Cr(Ill) in the 
bath. When corrosion tested, surfaces were said to have corrosion resistance equivalent to their Cr(VI) 
counterparts. Trivalent chromium systems have also been applied to aluminium-based substrates, 
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using a 10 minute immersion in a basic chromic sulfate (Cr2(SO4)-xH20) solution, giving corrosion 
performances to white rust in excess of 96 hours in the salt spray corrosion test. A post-treatment of 
peroxide or permanganate solution has been reconunended, which improved considerably the corrosion 
resistance to the formation of white corrosion products achieving times of 336 hours. Presumably, the 
post-treatments have oxidised the Cr(III) coating, partly converting the coating to hexavalent chromium, 
thus resulting in the capability to actively repair any weak spots or defects. in effect, converting the 
trivalent chromium coating to one that closely resembles a typical chromate conversion coating. 
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3 Background to Coated Substrate Materials 
3.1 Zinc Coatings 
Zinc is an anodic coating material for ferrous substrates that may be applied by hot-dip 
galvanising, metal spraying and electrodeposition, with good corrosion resistance to most neutral 
environments, particularly when used in combination with a good chromate or phosphate passivation 
treatrnent. in general when exposed to atmospheric conditions, zinc will provide good protection to 
steel, firstly, due to its natural corrosion resistance, and secondly, zinc is electronegative to iron and thus 
can protect it sacrificially. In rural and marine environments the conditions of humidity and chloride 
levels can reduce the effectiveness of the zinc coatings and make the use of cadmium more suitable. 
However, because of the toxic nature of both cadmium and its compounds, the use of cadmium is 
generally limited to those applications that demand the unique combination of properties the metal 
possesses. 
In dry air, once a protective zinc oxide layer completely covers the surface, the zinc becomes 
relatively stable and the corrosion rate proceeds at a greatly reduced rate. In the presence of a humid 
environment, the rate of corrosion increases. When water is present the initial corrosion product is zinc 
hydroxide, which is converted by reaction with carbon dioxide from the atmosphere to form a basic zinc 
carbonate, with a proposed composition of ZnC03.3Zn(OH)2 129,130 or Zn5(C03)2(OH)6 (hydrozincite). 
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in very damp conditions unprotected zinc will form a loosely adherent, more conspicuous form of 
corrosion product which is known as 'white rusf. Feiltnecht 130 has extensively examined the corrosion 
products of zinc in sodium chloride solutions. It was observed that at inactive areas zinc oxide was 
present. At low concentrations of NaCI a loose powdery form of a crystalline zinc hydroxide was 
identified and when the concentration was greater than 0.1 M NaCl, basic zinc chlorides were apparent on 
the corroded parts. A detailed examination of the corroded areas revealed craters which appeared to 
contain alternate layers and concentric rings of basic chlorides and hydroxides. Two basic chlorides were 
identified, namely 6Zn(OH)2. ZnCI2 and 4Zn(OH)2-ZnCI2. More recently, Odnevall has reported a 
reaction sequence, when zinc was exposed to a marine environment, involving a consecutive formation 
of three structurally related phases, initially Zn5(C03)2(OH)6 was observed, which was followed after an 
extended exposure by Zn5(OH)gCI2. H20, then finally NaZn4CI(OH)6SO4.6H20.132,133 Generally, the 
basic salts and crystalline zinc hydroxides were found to have a layered structure, similar to the layer 
structure attributed to the basic zinc carbonate which forms dense adherent films and appears to play 
such an important role in the corrosion resistance of zinc against the atmosphere. 
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3.2 Zinc alloy Coatings 
Although zinc coatings continue to be used widely for the protection of steel from corrosion, 
considerable efforts have been made to improve their corrosion resistance. A major area of development 
has been the production of zinc alloy coatings. These coatings, formed with the relatively noble iron 
group metals, nickel, 134-142 cobalt' 1,143-145 and iron, 146,147 have been shown to have significantly higher 
corrosion resistance than pure zinc coatings of similar thickness. The alloys of zinc and the iron group 
metals have attracted great interest as the coatings convey good sacrificial properties and because of the 
more noble electrochemical potentials, these systems provide reduced rates of corrosion. Ile zinc alloy 
coatings are considered as potential substitutes for cadmium and for improving the corrosion resistance 
of body panels, fasteners and, small components. Commercially available zinc-alloy compositions, 
applied by electrodeposition usually contain, 6-14wt. % nickel, 0.8-1.2wt. % cobalt or 0.3-0.6wt. % iron, 
depending on the requirements of a particular application. Tle Zn-Ni and Zn-Co alloys are generally 
more corrosion resistant than Zn-Fe alloys in aggressive aqueous environments. Zinc-iron deposits are 
considered to provide little advantage in corrosion resistance when compared to zinc coatings, 146 
particularly when chloride ions are present. 147,149 
A comparison of the corrosion resistance of non-chromated zinc and zinc alloy electrodeposits 
(Table 1) tested by the neutral salt spray test DIN 50021-SS to the first appearance of red rust, indicates 
that zinc-nickel alloy coatings have superior corrosion performances to zinc and low alloyed zinc 
deposits. 
Other systems which produce improved corrosion resistant zinc-based surfaces have also been 
investigated, these include zinc-tin alloy electrodeposits"9,150 with compositions ranging from 10- 
20wt. % zinc / 80-90wt. % tin, which have the disadvantage of generally utilising cyanide containing 
electrolytes. The Zn-Sn deposit does provide excellent corrosion protection, although this system 
appears to be difficult to chromate. Recently, zinc-tin alloys with lower tin contents of 10-2oWt. %151 
have been deposited from weakly acidic electrolytes, achieving good corrosion resistances, superior to 
zinc and zinc-cobalt (0.3-1.3wt. %) deposits. Another system which has increasing attracted interest has 
been zinc-manganese' alloy deposits. 152,155 Ilese have been reported to have an excellent corrosion 
performance compared to zinc and zinc alloy coatings, with manganese contents of SOwt. % producing 
considerable advantages over the other zinc alloys in terms of times to red rust. However, difficulties in 
electrolyte stability and low cathode current efficiency have limited their commercial utilisation. 
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3.2.1 Mechanism of Deposition 
The electrodeposition of most zinc alloys is a co-deposition of an anomalous type, a 
phenomenon commonly encountered in the electrodeposition of iron group metals with zinc. 134,143,157-162 
In anomalous co-deposition the less noble metal (zinc) deposits preferentially on the cathode with respect 
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to the more noble one (Ni, Co, Fe). Considerable research has been conducted to determine the cause of 
the anomalous phenomenon. A possible explanation proposing a hydroxide suppression mechanism 157- 
159 has been suggested, where anomalous deposition occurs due to the formation and adsorption of a zinc 
hydroxide film which inhibits the more noble metal while favouring zinc reduction. The formation of 
the hydroxide is possibly as a result of the pH rise at the cathode surface, due to the simultaneous 
evolution of hydrogen gas resulting in a localised increase in the hydroxyl ion concentration. 
Alternatively, other investigations 137.160 have emphasised the importance of the kinetic parameters of the 
cathodic reactions. The iron group metals are generally characterised by very low exchange current 
densities, unlike zinc, which shows high exchange current density. This has been supported by Mathias 
et al. 161,162 where it was determined that the zinc exchange current density was five orders of magnitude 
higher than that of the nickel and thus the anomalous co-deposition was attributed to the intrinsically 
slow nickel kinetics. 
3.2.2 Zinc-Nickel Alloy Coatings 
For zinc-nickel alloy electrodeposition, both acidic and alkaline electrolytes are commercially 
available. 141 , 146,163 The acid zinc-nickel electrolytes typically operate at a pH of 5.5 to 6.0 and require 
heating to 30 - 48T. Most acidic solutions contain large amounts of ammonia and high levels of both 
zinc and nickel, as a consequence, due to environmental concerns the acidic electrolytes are being 
increasingly replaced by alkaline processes. The alkaline zinc-nickel electrolytes closely resemble those 
of the alkaline non-cyanide zinc baths, the systems are ammonia and cyanide-free, with zinc and nickel 
levels considerably lower. The nickel content of the deposits generally depends on the electrolyte, acidic 
solutions typically produce deposit coatings with nickel contents in the range of 6-16wt. %, where as 
coatings from alkaline solutions will contain between 5-IOwt. %. Although, recently a new alkaline 
system has been described that permits electrodeposits of 13-15wt. % nickel. 164 
Considerable effort has been undertaken in investigating the formation and corrosion 
performances of zinc-nickel alloy electrodeposits, interest has primarily centred on the nickel content of 
the alloys. It is generally agreed that Zn-Ni alloys with compositions between 10-15wt. % Ni offer the 
maximum corrosion resistance, 134,138,142 With 14wt. % Ni representing the optimum level, with any further 
additions of nickel resulting in a decline in corrosion performance. Electrodeposited Zn-Ni alloys, over a 
range of nickel compositions, have been observed to become increasingly more noble with time when 
immersed in 3.5wt. % NaCI solutions. 'Me change in potential was most pronounced within the first 200 
hours of immersion, particularly for alloys with high nickel contents. After 200 hours the rate of 
ennoblement appeared to decrease and the potential of the zinc alloys gradually stabilised. This was 
believed to suggest that the dissolution of zinc initially occurred at a higher rate but then decreased as the 
surface nickel concentration increased and the coatings became less active. 'Me ennoblement behaviour 
of Zn-Ni alloys was attributed to a dezincification phenomenon, 136,139,148,165,166 in which a selective 
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dissolution of the zinc from the alloy surface layers, causes the nickel concentration to increase, enriching 
the nickel content of the surface and making the alloy more noble. 
Recent investigations have shown that unpassivated electrodeposited Zn-Ni alloys with a 14wt. % 
nickel content are 6 times more effective in the neutral salt spray corrosion tests than pure zinc coatings 
of the same thickness. 139 In addition to exhibiting an improved corrosion resistance, Zn-Ni alloys are 
known to be significantly less electrochemically active 136,157,166 than pure zinc in aqueous chloride 
environments, adopting potentials in 3.5wt. % NaCl solutions of between -850 and -960 mV(SCE), 
compared with a potential of pure zinc of approximately -1030mV(SCE). 
3.2.3 Zinc-Cobalt Alloy Coatings 
Zinc-cobalt electrodeposits are prepared from acidic, ammonia-free electrolytes operating in the 
pH range of 4.7-5.5 and in the temperature range of 25 to 40*C. 146 In contrast with the zinc-nickel 
deposits, zinc-cobalt alloy coatings containing less than 1.2wt. % of the alloying element have been 
observed to give approximately the same degree of improvement in corrosion performance for most 
commercial applications. 166,167 Little advantage appears to be attained with electrodeposits containing 
<0.5wt. % cobalt over pure zinc deposits, although it has been demonstrated that the corrosion resistance 
can further be enhanced with cobalt contents ranging from I_IoWt. %, 142 However, for commercial 
considerations the cobalt content generally used is between 0.6-1.2. wt%. 
The corrosion performance of zinc-cobalt coatings have been shown, when exposed to chloride 
containing solutions, to initially have high corrosion rates compared with those reported for zinc. 144 it 
has been considered that cobalt acts as a cathode and thus facilitates the cathodic reaction. With 
prolonged immersion, the corrosion rate was observed to decrease, associcated with the formation of a 
basic cobalt chloride in the initial corrosion processes. Fratesi et al. 144 have shown that for Zn-Co alloys 
containing 0.8wt. % cobalt the development of white corrosion products are only delayed for a short time 
interval in comparison with pure zinc coatings. Although the zinc-cobalt alloy deposits have been found 
to give improvements to the first appearance of red rust (Table 1), with corrosion resistances 50 to 100% 
more superior to conventional zinc coatings. ' 1,145 
3.2.4 Corrosion Mechanism of Zinc Alloys 
Under atmospheric exposure conditions, the corrosion rate of pure zinc coatings is closely 
related to the oxygen reduction reaction at the interface between the oxide surface layer and the aqueous 
film. In this respect, it has been suggested that it is possible to reduce the corrosion rate if the oxide 
surface layer on the zinc was modified by means of the addition of an element, or combination of 
elements, to retard the oxygen reduction. 169 The passive film on zinc in alkaline solutions is known to be 
an n-type semiconductor, 169 the n-type conduction results in the non-stoichiometry of the oxide due to the 
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presence of Zn2-' at interstitial positions in the lattice, creating shallow donor levels just below the 
conduction band. 170 Systematic investigations to study the electronic properties of the passive films on 
pure zinc, Zn-Ni and Zn-Co alloys using d. c. and a. c. electrochemical and photoelectrochernical 
techniques have been conducted. 169,171,172 It was found that the passive film on zinc-alloy substrates (Zn- 
Ni and Zn-Co) in alkaline solutions show a homogeneous distribution of the alloying elements Ni and 
Co, within an anodically formed zinc oxide layer. The different corrosion behaviour of pure zinc and 
zinc alloys was attributed to the possible formation of electron traps, due to the incorporation of the 
alloying elements. More recently, 173 it has been suggested that the enhanced corrosion performance of 
the alloys is not associated with an electronic effect, but as a consequence of a dopant-vacancy 
interaction. Where the doping element captured at a zinc vacancy can scavenge a mobile cation vacancy 
which would normally support the overall corrosion current and results in an ion pair. The more 
positively charged the dopant ion with respect to zinc, the more zinc vacancies can be caught by the 
dopants captured at zinc vacancies. It was considered that high corrosion resistance can be achieved 
when the segregati on factor (concentration ratios of the alloying component and zinc in the passive layer 
and the metal alloy) is near one and the dopant d-metal exhibits high effective positive charge. It was 
concluded that good corrosion performances can be expected when the alloying metal is strongly 
segregated, immobile and is homogeneously distributed in the ZnO passive layer. 
3.3 Passivation of Zinc-based Coatings 
It is important that the zinc-based electrodeposits should maintain a sufficient thickness, so that 
corrosion protection can be provided by physical exclusion and sacrificial action. Further protection of 
the zinc coatings can be achieved by utilising a conversion coating treatment. The treatment converts the 
metal surface from its initially active state to an inert passive oxide film. The conversion coating 
treatrnent considerably enhances the corrosion resistance of the zinc coatings. As well as providing 
increased adhesion characteristics for a subsequent paint or lacquer finish and to produce desirable 
surface appearances. 5 At present, the main agent for producing such passive films is based on chromates. 
The primary purpose of the chromate conversion coating on the zinc electrodeposit coatings is to 
minimise the formation of white corrosion products, upon exposure to mild environments such as moist 
atmospheres and to eventually retard the onset of red rusting. The minimum degree of protection that 
can be expected from various types of chromate coatings on electrodeposited zinc when subjected to a 
neutral salt spray corrosion test can be determined by using ASTM B20 1192 (Table 2). However, the 
formation of a suitable chromate conversion coating on the zinc alloy electrodeposits has been shown to 
be much more difficult than pure zinc, especially with coatings containing high levels of the alloying 
element. There appears to be only a limited amount of published information available, 11'174,175 although 
several commercial systems are currently is use. The DIN 50926 standard (Table 3) stipulates the 
minimum expected corrosion performance of a number of chromate treatments for Zn-Ni, Zn-Co and 
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Zn-Fe alloy electrodeposited coatings, to white and red corrosion products when exposed to the DIN 
50021-SS test. 
It has been suggested that the additions of nickel and cobalt to zinc electrodeposits generally 
decreased the activity of the deposit surface in chromate passivation solutions with regard to the 
dissolution of the zinc and the resultant weight of the conversion coating. T'hus explaining the 
requirement of special conversion coating treatments for use with zinc alloy electrodeposits. When 
chromated, the Zn-Co alloy coating was observed to give considerable increases in corrosion resistance 
when compared to chromated zinc-coatings. The superior performance was thought to be associated 
with a particularly protective chromate coating, 144 where the corrosion processes were under mixed 
control, effecting both anodic and cathodic reactions. The presence of the conversion coating, acting as a 
barrier, was considered to decrease the anodic reactions, as well as, providing greater resistance to 
cathodic reduction. 
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4 Electrode Kinetics 
4.1 Fundamental ConceptS176 
4.1.1 Charge Transfer 
The overpotential (TI) is defined as the difference between measured potential (E) and its 
equilibrimn value (E. ). 
il =E- Ee (4.1) 
It is considered that three cases can be distinguished according to the magnitude and sign of the 
overpotential, zero, negative and positive values of overpotential may be described in terms of the effect 
on the net current density. 
At the equilibrum 
potential, E, 
i=i+i=0 
Negative to E. 
Positive to E 
i+i<0 
net cathodic current flows 
+i>0 
net anodic current flows 
The observed current density is the sum of the partial reduction (-i ) and oxidation (i) current 
densities. The observed magnitude and direction of the current density is thus dependent on the value of 
uring reduction and oxidation, "' and T the ovcrpotential. As electrons flow in opposite directions dII 
have opposite signs, reduction currents are considered to be negative while the oxidation current is 
positive. 177 
4.1.2 Equilibrium Potential (ij = 0; i= 0) 
At the equilibrium potential, although no net current is observed, there will be a dynamic 
equilibriwn at the electrode surface with both reduction and oxidation processes occurring, but these 
processes will have an equal rate so that the partial cathodic and anodic current densities are of equal 
magnitude. 
i= i+i (4.2) 
The magnitude of the partial current densities at the equilibrium potential is called the exchange current 
density i., which is defined by; 
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(4.3) 
The i,, is a measure of the degree of the charge transfer activity at the equilibrium potential. The 
equilibriturt electrode potential is given by the Nernst equation; 
Rcd 
E@ = E" + 
RT In 2Ld. 
) 
c 
-L 
nF 
(a. 
,, 
(4.4) 
Where EO is the standard electrode potential measured with respect to the same reference electrode as for 
E, and V represents the activity of the species in solution. However, equation (4.4) may be rewritten as it 
is more convenient to measure concentrations rather then activities. 
E. = Ec +IT 1, 
(. EOxd (4.5) 
nF c Rcd 
Where E' . 
is the formal potential, i. e. the equilibrium potential when co., d = CRcd- 
The Nernst equation is only strictly true for the special case of equilibrium, i. e. zero cell current 
which is attained under open circuit conditions. It is, inherently, a thermodynamic expression and 
provides no information on the overall reaction rate. It is therefore important to consider the application 
of significant values of overpotential which will result in a high rate of electrode reaction. Depending on 
the sign of the overpotential (+ or -), sizeable net anodic or cathodic currents will flow as the system is 
driven away from equilibrium. 
4.1.3 Non-Equilibrium Potentials 
The Butler-Volmer equation relates the observed (net) current density to overpotential; 
(expr CtAnFJ]_ 
exp[ -a cnF 11 L7RT RT 
(4.6) 
where the two exponential terms represent contributions from the anodic and cathodic reaction. For a 
given reaction at constant temperature (T), the i vs. 11 characteristics will depend upon the exchange 
current density i,, and the charge transfer coefficients for the anodic and cathodic processes (aA and ac). 
Ile charge transfer coefficients may be regarded as the fraction of charge in the overpotential which 
leads to a change in the rate constant for electron transfer. 
The full Butler-Volmer equation (4.6) retains a form which emphasises that the measured current 
density at each overpotential is the stun of the partial cathodic (I ) and anodic (1) current densities. 
Moreover, this indicates useful limiting forms. As the overpotential is made more negative, i increases 
.7 while 1 decreases, consequently the net current density is dominated by the cathodic reaction. The first 
exponential term in equation (4.6) will become negligible compared to the second and thus may be 
neglected. 
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xp(_ 
acnF 
,) i= -io e RT 
(4.7) 
Taking natural logarithms of equation (4.7), 
Ini= -In iO - 
acnF T1 (4.8) RT 
or converting to logarithms to base 10, 
logi = -logi. - 
acnF (4.9) T3 -RT 71 
For a given reaction, i. and ac are constants and equations (4.8) and (4.9) predict a linear relationship 
between the logarithm of the current density and the overpotential. Ile relationships are forms of the 
Tafel equations. Equation (4.9) may be rewritten: 
logi = -logi. +( bc 'q) 
(4.10) 
where bc = -2.3RT/ctcnF is known as the cathodic Tafel. slope and is measured in volts per decade of 
logarithmic current 
Similarly, another limiting form of equation (4.6) can be derived at positive overpotentials i. e. 
for high rates of the anodic reaction. The second exponential term may now be neglected to give: 
. t" . 
raAnF 
i=-i=i exp 0 
Ilus leading to; 
In i= In i, 
CCAnF 
(4.12) 
RT 
and logi = logio +I TI (4.13) 
A 
where the anodic Tafel slope is bA = 2.3RT/(xAnF. Equations (4.12) and (4.13) are forms of the anodic 
Tafel equation. 'Me Tafel equations are sometimes written in the form 1711 =a+ blogi where a and b are 
constants. i. e. 
i1c = bclogiý + bclogi (cathodic Tafel equation) 
71A= bAlogi. + bAlogi (anodic Tafel equation) 
(4.14) 
(4.15) 
These relationships provide a usefid method for determining the kinetic parameters aA. ctc and i. 
from a set of current density against overpotential data (i vs. ii), as illustrated in the Tafel plots of figure 
1. 
In order to produce a change in the electrode reaction so that the current density in one direction 
is greater than in the other direction, the potential of the electrode must change from the equilibrium 
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value (E, ). The change is referred to as polarisation and the relationship between the change and the 
value of the net current density resulting from the change constitutes a polarisation curve. A polarisation 
curve can be obtained by plotting overpotential vs. current density, figure I shows both the anodic and 
cathodic processes. Until the anodic and cathodic overpotentials are greater than 25mV the line is 
curved, since it represents an increasing difference between the two rates of the anodic and cathodic 
reactions as indicated in equation (4.6). 
4.2 The kinetics of Corrosion ReactionS176,178,179 
During the corrosion processes there are frequently other reactions occurring on the same metal 
surface other than metal dissolution. If the attack is of a uniform, general nature, the entire surface may 
be considered to be both anode and cathode, the corroding surface will include cathodic sites on which 
the reduction reaction rate must be electrochemically equivalent to the anodic dissolution reaction rate, 
hence for a corroding system it can be written: 
Total oxidation rate (Anodic) = Total reduction rate (Cathodic) (4.16) 
'Ibis is a very important observation, since it provides two ways of preventing corrosion. Either the 
oxidation reaction or the reduction reaction, or both, can be inhibited or retarded. 
It is important to realise that corrosion is a non-reversible and non-equilibrium. phenomenon. 
The metal takes up a 'mixed potential' which depends on thermodynamics and kinetics of both metal 
dissolution and the balancing cathodic process. When considering a simple corrosion reaction such as: 
M+ nH' _. ý Mn+ + n/2 H2 
it can be seen that the process is a non-equilibrium reaction, producing M"" and H2, and also consuming 
hydrogen ions. No overall charge build-up occurs, as the rate of metal dissolution is equivalent to the 
hydrogen evolution. If the metal M was immersed into an aqueous, non-oxidising deoxygenated acid, 
the metal must take up the corrosion potential E,,,,, the potential where no net charge flows, because the 
anodic and cathodic partial cuffents are equal. i. e.: 
i :=i M/M"* , H+/112 = icoff (4.18) 
The steady-state electrode potential (E) vs. loglil diagram in figure 2 shows a metal (M) corroding via 
hydrogen evolution. Both electrode processes are under activation control. TIle diagram shows the 
definition of corrosion current density and the corrosion potential E,,,, rr. The reversible potentials 
E!, 
and Em corresponding to the exchange current densities ill and im for the single reactions are also a00 
shown together with the anodic and cathodic polarisations: 
TIA = E,,,, - Em and i1c = E,,,, - E" 01 
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In many corrosion reactions, in solutions exposed to the air, a common reaction is the reduction 
of oxygen to hydroxyl ions, according to: 
02 + 2H20 + 46' 40H' (4.19) 
When a metal starts to corrode in a solution, there must always be at least one oxidation process, 
metal dissolution, and one reduction process such as oxygen reduction. A greatly simplified polarisation 
diagram of both the anodic and cathodic reactions is shown in figure 3 exhibiting only activation 
polarisation, i. e. charge transfer predominates. In most practical situations, the dissolved oxygen 
concentration is relatively low. In the presence of a lower concentration of oxygen, the corrosion current 
may be controlled by the rate of transport of the oxygen to the metal surface and the corrosion will occur 
at the intercept of the oxygen plateau with the Tafel slope for the metal dissolution. It is also possible for 
the cathodic current to be the sum. of the limiting current for the oxygen reduction and a combination 
from hydrogen evolution. For convenience, the area of the anode reaction is taken to be equal to the area 
of the cathodic reaction, although this is a very rare occurrence in actual practice. 
For the metal dissolution process, equation (4.20) will apply: 
But, 
71A ý-- aA + bAlOgicorr where aA= -bAlogi,, (4.20) 
11A= E, (4.21) Em c 
'nerefore, by reaffanging (4.15) and (4.16). 
E = bAlog 
l' + Eý (4.22) im 
where im is the exchange current density for the metal dissolution and EM is the equilibrium potential of 0e 
the metal electrode. For the oxygen reduction reaction at the cathode, a similar equation can be derived, 
where E. 0 is the equilibrium potential of the oxygen reduction reaction: 
E0. - i1c = E,,,,, (4.23) 
if io is the exchange current density for the oxygen reduction reaction and bc is the Tafel constant for 0 
this reaction, then: 
E., = bclog + Eo io 0 
(4.24) 
if anodic polansation. is now applied, the dissolution Tate of the metal will be increased and 
consequently a reduction in the rate of oxygen reduction occurs at the same time, making its effect 
increasingly negligible. The actual curve obtained in the potentiodynamic polarisation curve will follow 
the applied anodic potential according to the line AB in figure (3) and with valuesOf iAfor the externally 
induced current density at potential E'. 
In general, 
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iA -`ý ýorr - iR (4.25) 
where i,,, is the corrosion current density of the metal dissolution and iR the reduction current density of 
the oxygen at the potential value E'. Describing a corrosion reaction by such an equation is often an 
oversimplification, since any number of alternative reactions could occur simultaneously, the magnitude 
of which could overall have a considerable effect. Ile combination of the possible phenomena, which 
are often described as'local action', will cause a net corrosion loss, which can be designated by a current 
density term, iL. A., 'Mis term represents additional cathodic reactants causing localised unmeasured, 
anodic dissolution. Frequently it could be the hydrogen evolution reaction as a result of localised acidity 
or as a result of the formation of a local surface that promotes the same reaction. 'Me difference between 
the corrosion current density and the externally induced current density (iA) will be greater, because iL. A. 
is now being considered. Hence, 
lcoff ý-- iA + iR + iL. A. (4.26) 
However, 
Er = bA log + Ein (4.27) im c 
'Merefore 
Ef = bAlog 
'A +iR +'L. A. 
+Em (4.28) im 
It is clear from equation (4.28) that true Tafel curves will not be obtained in corrosion reactions 
until external polarising current densities are several orders of magnitude greater than the combination of 
the cathodic corrosion current density and the local action current density, since the deviation from the 
Tafel slope occurs to much higher values of external current density than for non-corroding electrodes. 
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5 Corrosion Testing 
5.1 Neutral Salt Spray (Fog) Corrosion Test 
The basis of this type of test involves the exposure of surfaces to a salt mist environment. 
Within the salt spray cabinet, specimens are subjected to a fine spray or fog consisting of a NaCt 
solution. The test was initially developed between 1910-1920 as a means to test rapidly coatings which 
were to be exposed to a coastal (marine) environment. 180 Subsequently, experience has shown that 
although the salt spray test yields results somewhat similar to those of a marine exposure, it fails to 
reproduce all the factors that may be involved in marine service. 181 However, the test has found 
application as an accelerated corrosion test to make direct comparisons between the corrosion 
performances of different materials or surface finishes. The neutral salt spray corrosion test is intended 
to reproduce the corrosion that occurs in atmospheres containing salt spray or splash. It has been widely 
observed, however, that rankings of different test surfaces do not necessary fall into the same order as the 
atmospheric tests in marine or road salt splash environments. The test is considered to be more useful in 
rating the relative resistance of a specific type of protective coating. The interpretation of the results 
from this method beyond this purpose must be verified by actual exposure tests. 
The neutral salt spray (fog) corrosion test (NSS) has been standardised and is widely performed 
in accordance with ASTM B 117-90,182 the test requirements are summarised in table I which stipulates 
that the test should be undertaken using a humidified spray with a composition of 5wt. % (50gl-1) NaCl in 
deionised water, at a temperature of 35'C. The use of a neutral sodium chloride solution makes the NSS 
test the least severe of the salt spray tests. Although it is more suited to test organic coatings than 
corrosion resistant metal coatings, it is widely used for testing sacrificial metal coating systems e. g. zinc 
and cadmium on steel. The validity of the NSS test for a given metal or coating depends upon the extent 
to which a correlation has been established between test results and service performance. In many 
instances accelerated test periods are established by making practical tests with coatings for which 
environmental exposure data are known, thus enabling a satisfactory degree of confidence in the results 
to be achieved. Difficulfies may arise in reproducing test conditions exactly from test to test and care 
must be taken to standardise conditions in the test cabinet. Reference specimens should always be 
included in the test series for comparison purposes. Ensuring that the correct procedures are used, 
greatly reduces the effects of variations between tests and between test cabinets at different laboratories. 
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5.2 Electrochemical TechniqUCS183 
As corrosion is fundamentally an electrochemical process, the range of experimental techniques 
utiliscd in the investigation of corrosion behaviour is considerable. Progress in the field has been made 
largely due to the increased knowledge of corrosion mechanisms and by the developments that have 
taken place in instrumentation. Electrochemical measurements in the laboratory can be used to assess the 
corrosion behaviour of metals and alloys in service, and to avoid the more tedious and prolonged field 
testing, although it should be stressed, that caution is necessary regarding the extrapolation of results 
obtained in the laboratory to the performance of the metals in service. 
Electrochemical techniques of corrosion testing involve the determination of specific properties 
at the metal-solution interface (the electrical double layer): 
1. The potential difference across the double layer. This cannot be determined in absolute terms but 
must be defined with reference to another interface, i. e. a reference electrode, such as a saturated 
calomel electrode(SCE). For a corroding system the potential is defined as the corrosion potential, 
which arises from the mutual polarisation of the anodic and cathodic reactions constituting the overall 
corrosion reaction. 
2. The current density, i (the current per unit area), is a measure of the rate of reaction. For a corroding 
system the partial anodic and cathodic current densities cannot be determined directly, only the net 
current can be measured. 
3. The capacitance. The electric double layer may be regarded as a resistance and capacitance in 
parallel, and measurements of the electrical impedance by the imposition of an alternating potential of 
known frequency can provide information on the nature of the surface. Electrochemical impedance 
spectroscopy (EIS) is now an established technique for investigating electrochemical and corrosion 
systems. 
5.2.1 Electrochemical Measurements 
lie most commonly used measurements for corrosion investigations are as follows: 
1. Determination of the steady-state corrosion potential, E.,. 
2. Determination of E., with time. 
3. Determination of the E-i relationships during polarisation at constant current density (galvanostafic), 
the potential is the measured variable. 
4. Determination of the E-i relationships during polarisation at constant potential (potentiostatic), the 
current density is the measured variable. 
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5. Determination of electrochemical impedance under alternating potential conditions as a function of 
frequency. 
5.2.2 Linear polarisation resistance (LPR) 
The polarisation. resistance method of Stem and Geary is widely used in determining corrosion 
rates in aqueous media. Stem and Geary'84,1'5have on the basis of a detailed analysis of the polarisation 
curves of the anodic and cathodic reactions involved in the corrosion of a metal, and on the assumption 
that both reactions were under charge-transfer control (transport overpotential negligible) and that the iR 
drop involved in determining the potential was negligible, derived the expression; 
2 
1 
*'2 
( lb 
' -ý -E -'ý 'ý -1 
Ai)Eý 
b p 
(5.1) 
where Rp is the polarisation resistance determined at potentials close to E,,,, and b,,, b,, are the anodic and 
cathodic Tafel constants. The equation shows that the corrosion rate is inversely proportional to Rp (or 
directly proportional to the reciprocal slope of the AE-Ai curve) at potentials close to E. 0, (±2OmV), and 
that can be evaluated provided the Tafel constants are known. For a process that is controlled by 
diffusion of the cathodic reactant (transport control) and in which the anodic process is under activation 
control, b, will be significantly greater than b., thus under these conditions the expression (b,, /(b. + bj) 
will approach unity and equation (5.1) can be modified to the following form (5.2); 
2.3i, 2.3 i 
corr -=R 
(TEE 
b b. p ') E., r a" 
where iL is the limiting current density of the cathodic reaction and it is assumed that iL: -- icorr- 
(5.2) 
'Me major limitation of the polarisation resistance method has always been that a fore knowledge 
of the values of the Tafel constants was necessary for accurate determination of the corrosion rate. 
Mansfeld' 86,187 has overcome this difficulty by using techniques involving curve-fitting and computer 
analysis to obtain the values of Tafel constants and corrosion rate simultaneously. Bamartt'8' used a 
two-point and a three-point method for investigating first- and higher-order reactions respectively, for 
corroding electrodes under charge transfer control. The Bamartt method requires the solution of a 
quadratic equation, the coefficients of which are obtained from three measured pairs of current-potential 
data, while the roots give the Tafel constants and thus allow the calculation of the corrosion rate. 
Leroy'89 has used a method which involved obtaining a set of polarisation data and solving a quadratic 
equation for Tafel constants and another equation for the corrosion rate. Bandy'90 has established an 
alternative technique, the method was based on equations which indicate that the Tafel constants and the 
polarisation. resistance, and thus the corrosion rate, could be determined from polarisation data in the 
vicinity of the corrosion potential. Two techniques for using the polarisation data have been described, 
the first involved a conventional method of obtaining the polarisation. resistance by determining the 
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tangent of the polarisation curve at its origin, while the second was based on a purely analytical approach 
to obtain the polarisation resistance directly from the polarisation. data. 
If the reversible potentials for anodic and cathodic reactions are far from the corrosion potential, 
E,,,,, of a corroding electrode and both anodic and cathodic reactions are controlled by charge transfer, 
then the applied current (I) is related to the electrode potential (E) and the corrosion current, 1,.,, by: 191 
III = I. 
lexp (- 
exp(- 
I 
(5.3) 
where ba and bc are the values of the Tafel constants for the anodic and the cathodic reactions 
respectively. Using AE = JE - E., l , A, = 0.434b, and fl, = 0.434b, in equation (5.3), the anodic and 
cathodic polarisation equations are: ' 
la = Icorr exp 
(. ýE 
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1 
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where a and 
Ic refer to anodic and cathodic currents respectively. 
Differentiation of equation (5.3) at E,,,,, leads to : 191 
dI) 
=I 
cOff 
(fla + fic 
corr (5.6) 
( i-E E corr 
Rp flafic B 
where Rp is the polarisation resistance and B= fl "fl, 
/ (fla + fl, ). The polarisation resistance is obtained 
by drawing a tangent to the current-potential curve at the corrosion potential. 186,192 'Me corrosion rate is 
then given by: 
I 
Wrr 
B 
(5.7) 
Rp 
Using 2m and 2n = -L- 
L ), 
equation (5.4) can be rewritten as: 
la=lcor, [expf(m+n)AE)-expl-(m-n)AE)j (5.8) 
Simplification of equation (5.8) leads to: 
Ia =I corr expjn(AE)j[expjm(AE)) - expf-m(AE)II 
(5.9) 
similar operation on equation (5.5) gives: 
Ic = Icoff expj-n(AE)j[expjm(AE)) - expl-m(AE))] (5.10) 
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Thus, from equation (5.9) and (5.10), the following is obtained: 
L' 
= expl2n(AE)) (5.11) ic 
which gives nse to: 
ln(Lý 2n AE (5.12) 
nAE = InVa (5.13) 
expln(Aol = (5.14) 
Substitution of equations (5.7) and (5.14) in equation (5.9) leads to: 
BI f-F" [exp jM(AE)j 
- exp 
I- m(AE))] (5.15) Rpc 
Expanding the exponential functions and neglecting the fifth and higher powers of nýAE), results in: 
la =1 2m(AE) + (5.16) Rp(2m) 
il 
ý 
Rearranging equation (5.16), gives: 
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is always positive, taking the positive root of the m in equation (5.17) and 
obtain : 
and from equation (5.7) 
2m= + =2 laR 
Ic 
AE 6 
)3 (5.18) 
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(2 m. R P)- (5.19) 
The values of P., P, and hence the Tafel constants b,,, b,, can be obtained from equations (5.12) 
and (5.18) and the corrosion rate from equation (5.19). 
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To overcome the weakness inherent in the graphical determination of the polarisation resistance, 
Bandy has developed a purely analytical technique. In this method, the values of anodic and cathodic 
polarising currents for two different values of polarisation are used in equation (5.16) to eliminate Rp. 
The resulting equation is: 
- M2 
Ic (AE, )3 
a 
i- 
VýFa 
6 (5.20) 
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aC) 6 
where I and 2 refer to two successive data points. By rearranging equation (5.17) the following equation 
can be obtained: 
+AE 6 
Rp 
11-111 (5.21) 
Equation (5.20) gives the value of m2 in terms of measured parameters. The value of n, 2 when used in 
equation (5.2 1) gives Rp. The positive root of m, and Rp in equation (5.19) gives 
Mansfeld' 86 has shown that not only does the corrosion rate, but also the values of the Tafel 
constants, may vary with time, and thus, considerable error may result if the corrosion rate is determined 
assuming constant values of Tafel constants. 'Me Bandy method allows Ic,,, to be determined using a 
combination of equations (5.20), (5.2 1) and (5.19) without any knowledge of b. and b,. Thus, although 
the Tafel constants and corrosion rates may change with time the instantaneous corrosion rate can be 
determined directly by application of polarisation data. Tberefore, this method does away with the need 
to determine new values for the Tafel constants each time. It also allows quick and continuous 
monitoring of the corrosion performance of the system. Furthermore, since the data is derived from a 
small region in the vicinity of the corrosion potential, the overall corrosion process is not significantly 
disturbed. 
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6 Coating Characterisation 
6.1 X-ray Absorption Spectroscopy 
X-ray absorption spectroscopy is concerned with the structure above the absorption edge, where 
the excitation of an inner shell results in the abrupt increase in the absorption. Analysis of the spectrum 
can reveal information on both the electronic structure of the absorbing atom and the structural 
information concerning its neighbours. 19'-194 X-ray spectra are distinguishable from ordinary visible light 
or soft UV spectra by the fact that photons can excite inner-shell electrons from the absorbing atoms with 
consequent sharp steps in the absorption coefficient as the X-ray energy is increased through an inner- 
shell ionisation threshold. For the experimental results to have any meaning, it must be possible to relate 
these transitions to fundamental properties of matter. It is well known that the absorption coefficient 
decreases as the X-ray energy increases, and increases sharply at the absorption edge. Attenuation of X- 
rays by matter occurs in a variety of processes, namely; 
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1. Scattering (absorption coefficient), whereby the X-ray photon is deflected with(out) loss of energy by 
collision with electrons or atoms; scattering processes are either incoherent (varies very slowly with 
the wavelength) or coherent (decreases at lower wavelength). 
2. Photoelectric absorption (true absorption coefficient), which prevails in the I to 20KeV range. 
The X-ray absorption spectroscopy (Y. AS) set-up consists of diree primary components, a source 
of X-rays, a monochromator, and a means of detection. A high intensity, tuneable X-ray source is 
required, and in practice almost all experiments use synchrotron radiation. 
195 The broadband radiation is 
processed by amonochromator, which produces an almost monochromatic beam, i. e. -leV spread. 'Me 
actual energy selected can be varied by rotating the crystal monochromator. The basic XAS experiment 
therefore involves the measurement of the total linear absorption coefficient, which is a function of the 
wavelength and the nature of the absorber, as the photon energy is varied across and beyond the 
absorption edge. In the case of a transmission experiment (Figure 4), the photon intensities before (I. ) 
and after Qt) the passage of the beam through the absorber are measured by ionisation chambers in the X- 
ray beam path. Alternatively in a fluorescence experiment with the absorber held at 45' to the beam, the 
initial photon intensity Q is measured by an ionisation charnber, with the fluorescence signal measured 
by an array of liquid nitrogen cooled solid state detectors (a fluorescence detector) situated at 90" to the 
beam (Figure 5). 
6.1.1 Extended X-ray Absorption Fine Structure (EXAFS) 
It has been known that when X-rays were absorbed by atoms, there are oscillations of the 
absorption coefficient on the high energy side of the absorption edge. 
195 When an X-ray photon with 
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sufficient energy is absorbed by an atom, a core electron is ejected, and the outcorne can be represented 
as an outgoing spherical wave, originating at the absorbing atom. If the excited atom is surrounded by 
neighbouring atoms, the outgoing photoelectron wave is reflected back toward the origin by the 
surrounding 'scattercrs'. The phase of the reflected wave depends on the photoelectron wavelength and 
the atomic number of the scatterers. 'Me reflected (phase-shifted) wave undergoes self-interference with 
the outgoing wave from the emitter site and depending on the wavelength of the photoelectron, outgoing 
and backscattered waves interfere constructively and destructively (Figures 6a and 6b). 'Mis 
photoelectron interference effect in the final state, modifies the absorption coefficient and results in 
modulations of the transmitted X-ray intensity beyond the absorbing edge over a range of 50-15OOeV. 
This region is generally known as Extended X-ray Adsorption Fine Structure (EXAFS). 196 The 
frequency of the EXAFS signal is thus related to the distance between the absorbing atom and the 
backscattering neighbouring atoms, and the amplitude is related to the atom types and their number. The 
local environment is extracted by least-squares fitting the EXAFS to the fine structure calculated for a 
model environment. EXAFS only gives one-dimensional data, except when measured for single crystals, 
and in this respect it is like diffraction of electrons or X-rays by gases or liquids. However, it can be 
applied equally well to powders, liquids solutions polymeric materials or surfaces, and as sensitivity is 
quite high, the species being studied need not be present in high concentrations. The main attraction of 
the technique is that it provides specific information about the environment of atoms of a particular 
element. 
often below an adsorption edge there are sharp peaks in the spectrum which are caused by the 
excitation of the core electron into a bound state. Some molybdenum compounds have a characteristic 
pre-edge peak below the absorption edge. This peak has been assigned to a Is -ý 4d; Is -> 5p transition, 
due to the excitation of core electrons which can interact with vacant orbitals within the absorbing atom 
(Is in the case of the K edge). 197,198 In a tetrahedral field the first transition is allowed, but it is forbidden 
in a strictly octahedral field. This selection rule breaks down when the octahedra are distorted. The 
shape of the absorption edge itself thus provides information on the local structure around the absorbing 
atom, although an unambiguous distinction between tetrahedral and octahedral coordination is not 
possible. 
The region up to about 40eV above the absorption edge is referred to as X-ray Absorption Near 
Edge Structure. In this region the simple EXAFS theory breaks down. Nevertheless, XANES can give 
information about vacant orbitals, the electronic configuration and the site symmetry of the absorbing 
atom. Moreover, the absolute position of the edge contains information about the oxidation state of the 
absorber. 193,195 
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6.1.2 Interpretation of EXAFS Data 
The primary objective in XAS studies is to determine the local atomic environment of the 
excited atom by analysing the measured oscillatory structure. The interference which gives rise to the 
EXAFS reflects directly the total phase and amplitude of the backscattering wave. 199 
N if 2 
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In equation 6.1,200 the EXAFS is defined in terms of sets of identical scattered atoms, usually referred to 
as shells: a typical shell contains Nj identical atoms at a mean distance Rj from the excited atom, each 
with an electron-scattering factorfj. Ile phase of the backscatter wave is largely due to the product of 
the photoelectron wavevector k and the total distance, 2Rj. This is the distance out to the scattering atom 
and back since the major contribution to the absorption matrix element comes from regions of space very 
close to the nucleus of the excited atom, where the highly localised initial core state exists. The phase 
also contains contributions from the scattering process, the phase VIj of the electron-scattering factor, and 
from the passage of the photoelectron out and back through the potential of the excited atom, 28. The 
amplitude of the backscattering wave depends on the number of scattering atoms, Nj, and their scattering 
strength 
lfj(k,; r)l: since the wave must return to its origin, only backscattering is significant in this 
simple single-scattering expression. There is also a Debye-Waller factor (thermal disorder due to lattice 
vibrations) which depends on the aj 
2, the mean-square variation in Rj. 199 
The EXAFS analysis can yield information not only on the distance but also on the number and 
chemical type of the near neighbours, of the excited atom. EXAFS spectra typically contain information 
on atoms less than 5A from the excited atom. Also since the EY-AFS is measured on a known absorption 
edge, for an atom of known atomic number, the technique is chemically specific, giving the environment 
of a known type of atom. Analysis can be performed under ambient pressures, so test specimens are 
unaffected by exposure to a vacuum and the higher energy photons reduce the degree of photoreduction. 
it is therefore particularly useful for the study of systems containing many different types of atoms, 
especially if the interest is in the environment of an atom of low concentration. 
193,199 
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7 Experimental 
7.1 Coupon Preparation 
It was necessary to degrease the mild steel coupons, to attain a clean surface prior to the 
application of any subsequent treatment or coating. Firstly, coupons were cleaned to remove heavy soil 
contamination using an acetone pre-wipe, then immersed for 5 minutes in a proprietary alkaline cleaning 
solution (50gl_1 at 800C). The degreased coupons were then subjected to an acid pickle to remove any 
inorganic contamination, such as rust, oxide films, etc. Ile coupons were immersed for I minute in a 
50% (Vol. /Vol., S. G. 1.18) HCl solution. After pickling the coupons were rinsed with deionised water, 
acetone and finally dried in hot air. 
Brent Europe Gold Seal test coupons (I -Omm thick mild steel). 
Two sizes were used: - 50 x 50mm for electrochemical tests. 
150 x 100mm for neutral salt spray corrosion tests. 
Cannings Hull cell sized coupons :- 120 x 75mm (neutral salt spray corrosion tests). 
7.2 Preparation of Zinc-Nickel Alloy Electrodeposits 
The zinc-nickel alloy electrodeposits were prepared from the 'Zinni' proprietary plating solution, 
supplied by Lea Ronal The electrolyte was adjusted so as to achieve the desired composition of 14wt. % 
nickel, which is believed to give the optimum corrosion performance for this alloy system. Actual 
electrodeposits were within a range of 10 to 14wt. % nickel, periodically checked by EDX. 
Plating solution conditions; 
Zinc (Zn2*' 
Nickel (Ni2l) 
Total chloride (Cl") 
Amonium ion (NH') 4 
pH 
Temperature 
Anode 
Current Density 
Agitation 
30gl" 
30gl-l 
277gl-l 
100 - 110 gr, 
5.6-6.0 
38 - 40'C 
Zinc (99.995%) 
IOAdmý 
Continuous moderate aeration 
Plus additional additives were required, a brightener, 'base' and 'coffective' additives, which were 
supplied with the plating solution. The zinc-nickel alloy electrodeposit was produced with a nominal 
thickness of 8Pm on one side of a coupon (periodically checked by weighing). The reverse side was 
masked before plating with a chemically resistant tape (3M Scotch Brand 8403). 
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7.3 Passivation Treatments 
7.3.1 Chromate Treatment 
The chromate solution consisted of a laboratory formulation 20 containing 0.12M (12gl-') Cr03 
and 0.3M (17.5gl") NaCl, at a coating temperature of 20T and a pH of approximately 1.0. Immersion 
times of 30 and 120sec were utilised to give an iridescent and dark orange coating respectively, with 
agitation provided by manual movement of the coupon. 
7.3.2 Simple Molybdate Treatment 
The simple molybdate, coating formulation consisted of O. lM (24.2gl"') Na2MoO4.2H20 at a 
coating temperature of 40*C. Molybdate coatings were produced either by immersion or the imposition 
of a cathodic overpotential, over a pH range of 3.0 to 6.2 (adjusted with H2SO4 or NaOH), where pH 6.2 
was the upper limit of apparent film formation. For both treatment procedures coating times of 300 and 
600sec were utilised. For the immersion treatment agitation was provided by manual movement of the 
coupon. The potentiostatic polarisations were conducted at a cathodic overpotential of 300mV, using an 
AMEL Potcntiostat, model no. 553. Coupons were mounted in an electrode holder and inserted into a 
multi-necked cell which contained a platinum counter electrode and a saturated calomel reference 
electrode (SCE) against which the potentials were measured. 
7.3.3 Heteropolymolybdate Treatments 
Heteropolymolybdate species investigated included silicomolybdic acid (H8SiMo, 2040) and 
phosphomolybdic acid APM012042). The formulations consisted of a 10gl-1 heteropolymolybdate 
solutioli, resulting in a solution pH of 1.5 and 2.0, for silicomolybdic and phosphomolybdic acid 
respectively. Treatments involved a 300 second immersion, at a temperature of 20'C. Deterioration of 
the heteropolymolybdate solutions during the treatment procedure was clearly apparent, with the 
formation of an intense blue colouration at the coupon surface, the solution colour change remained 
permanent. This possibly suggests apartial' solution reduction (W , _> M061 / M05") resulting in the 
formation of a species known as molybdenum blue, which contains both (V) and (VI) oxidation states. 
In an effort to stabilise the heteropolymolybdate the solutions, the formulations were adjusted to 
pH 1.0 and 1.5 (with nitric acid), for the silicOmolybdic and phosphomolybdic acid respectively. 
Coating treatment times were again 300sec, at a temperature of 200C. In the adjusted solutions, the blue 
colouration was still initially evident however it was less intense and the formulation quickly reverted to 
transparent solution. Agitation was provided by manual movement of the coupon. 
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7.3.4 Cerium-based Treatments 
7.3.4.1 Simple Cerium-based Treatments 
The simple cerium-based formulations consisted of 20gl-1 solutions of either cerium nitrate 
(Ce(N03)3.6H20) or cerium chloride (CeC13.7H20). with the addition of 5gl-' sodium chlorate (NaCIOA 
to act as an oxidiser. The coating treatments involved an immersion for I hour at a temperature of 801C. 
Without the presence of an oxidising agent, such as sodium chlorate, no visible coating was evident. 
7.3.4.2 Dual Immersion Treatments 
'Me dual immersion treatments involved an initial immersion in one of the simple cerium-based 
treatments either the Ce(NO3)3 or CeC13 formulations, at a temperature of 800C for I hour, followed by 
an immersion for 300 seconds in either of the heteropolymolybdate formulations, silicomolybdic or 
phosphornolybdic acid (nitric acid stabilised). 
in total four coating procedures were utilised and are summarised as follows: 
1. Cerium nitrate (80"C for I hour) treatment, followed by a silicomolybdic acid treatment (300sec). 
2. Cerium nitrate (80*C for I hour) treatment, followed by a phophomolybdic acid treatment (300sec). 
3. Cerium chloride (80*C for I hour) treatment, followed by a silicomolybdic acid treatment (300sec). 
4. Cerium chloride (80*C for I hour) treatment, followed by a phosphomolybdic acid treatment 
(300sec). 
7.3.4.3 Cerium-based Immersion / Anodic Surface Modification 
The cerium-base d immersion/anodic surface modification treatment incorporated aspects of the 
'Stainless Aluminium process. 108,111 It has been suggested that following initial immersion treatments in 
the cerium-based solutions, an enhancement in the passivity can be achieved by the electrochemical 
incorporation of the Mo(VI) species into the conversion coating. The 'Stainless Aluminium' process 
required the utilisation of both the cerium nitrate and chloride treatments. For the zinc-nickel alloy 
substrate, the cerium treatments only resulted in the formation of a coating when the procedure consisted 
of an initial CeC13 immersion for I hour at 80T, followed by a Ce(N03)3 immersion for I hour at 801C. 
if the procedure was reversed, then the initial coating produced by the Ce(N03)3 treatment was removed 
and the underlying zinc-nickel alloy surface was observed to deteriorate. The anodic surface 
modification procedure consisted of an anodic polarisation (TI =+ 300 mV) in a deaerated 10 gl-1 
silicomolybdic acid solution for 15 minutes. A similar anodic treatment performed in a sodium 
molybdate solution, resulted in the formation of a poorly adherent white precipitate over the surface of 
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the coupon. As a consequence, the procedure utilising a simple molybdate solution was not pursued 
further due to the inferior nature of the surface fon-ned. 
7.3.4.4 Cerium Chloride / Hydrogen Peroxide 
The cerium chloride/hydrogen peroxide treatment was based on a previously developed 
formulation. "' The treatment solution contained 20gl-1 CeC13.7H20 and 9.1 CM3 H202 OOOVOI solution). 
The treatment procedure consisted of a 300sec inu-nersion, at a temperature of 20'C. 
The cerium chloride/hydrogen peroxide solution was unstable, with continuous gas evolution, and after 
24 to 36 hours the formation of a yellow precipitate was evident. 
The reaction proposed by Hinton suggests a [Ce] to 
[02- 1 
ratio of I: 1.5. 2 
2CeCI3+3H, 202 2CeCI30-OH+2H20 
Ile calculation to detennine the required volwne of 30% 
H202 solution to achieve a [Ce] : [02- ] ratio 2 
of 1 1.5 has been summaried below. 
moles of Ce(III) = 
20 
= 5.37 X 10-2 Mol 772.58 
moles of 
02- = 5.37 XIO-2 X 1.5 = 8.05 x10-2 2 
The required mass of 
H202 = 5.37 XIO-2 x 34.01 = 2.74g 
The volume of 3 0% H202 (I 00vol solution) required = -ý- 
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x (100 +3 0) = 9.1 cm3 1.00 
(KofCeCl3.7H20=372.58gmor'; MrOfH202=34. Oigmorl, density= I. OogCnf3) 
7.3.5 Permolybdate Treatments 
The permolybdate fonnulations were prepared by the addition of hydrogen peroxide to a 
standard 10gl" sodiurn molybdate solution, with the pH adjusted to give solutions with a yellow 
colouration, over a pH range of 2.0 to 6.0. Investigations were undertaken to examine whetber the 
incorporation of the peroxide groups had any beneficial effects. The coating procedure involved a 
simple 300sec immersion, at a solution temperature of 20*C, with agitation provided by manual 
movement of the coupon. 
Depending on the relative quantity of hydrogen peroxide, a number of permolybdate species can 
be fon-ned. 96 In this invesfigation the [Mo] 0' ] 2 ratio utilised was 
The calculation to determine the required volume of 30% H202 solution to achieve a [Mo] 02- 1 ratio 
of I: I has been summarised below. 
2 
10 
X 10-2 Mol moles of Mo(VI) = ý4 -I = 4.133 
. 95 
. -. The required mass of 
H202 = 4.133 XIO-2 x 34.01 = 1.41g 
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The volume of 30% H202 (100vol solution) required = 
1*41 
x (100 *. 30) = 4.7cm3 1.00 
(KofNa2M004.2H20=241.95gmol-1; NlýofH202=34.01grnol-', density= I. OogCnf3) 
7.3.6 Permanganate Treatment 
Potassium permanganate is a known oxidising agent, consequently such a treatment could have a 
potential to produce a coating containing some residual permanganate to act as a passivator. A study was 
undertaken to assess the performance of a simple permanganate solution, its coating capabilifics and 
corrosion resistance. The formulation consisted of a 10gl-1 potassium permanganate solution, at pH 2.2 
and a temperature of 200C. The coating procedure involved a simple immersion for 300 seconds, with 
agitation provided by manual movement of the coupon. 
Pcrmanganate solutions are intrinsically unstable, acidic solutions decompose slowly to form a 
brown prccipitafion of NbO2.65 
4Mno4- + 4H+ -, -" 4MnO2+02+2H20 
With time a brown precipitate was observed to form widiin the permanganate treatment solution. 
7.3.7 Molybdate-based / Permanganate 'Single Solution' Treatments 
Investigations were undertaken to study coatings produced from a formulation containing 
molybdate-based. (molybdate and permolybdate) and permanganate species, within a single solution, at a 
pH of 3.0 and a temperature of 20*C. 
Two formulations were utilised: 
1.1 Ogl-l Na2MoO4.2H20 + 2gl" KMoO4. (molybdate/pen-nanganate) 
The treatment procedure involved a simple immersion for 300 seconds, with agitation provided 
by movement of the coupon. The solution was purple in colouration. 
2. lOgrl Na2M004.2H20 + H202 ([MOI : [02- 1=1.0) + 2g1-1 KM004. (pennolybdate/perrnanganate) 2 
Two immersion times of 300 and 900 seconds were utilised, as the 300 second treatment only 
produced a very pale iridescent coating. The solution was red/brown in colouration. 
The reaction of pennanganate species with H202 has been reported to forrn slightly soluble red- 
brown to brown crystalline products, which were considered to be peroxomanganate (IV) species, for 
example K2H2[W(02)301 . 
97 Ile red-brown aqueous solution of K2H2[Mn(02)301 is considered to 
slowly decompose resulting in the evolution of oxygen and the precipitation of Mn02- 
97 This may 
possibly explain the observed colouration for the Permolybdate/pennanganate formulation, which with 
time produced a brown precipitate. 
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Difficulty was encountered when preparing large volume solutions, as a consequence of a rapid 
formation of a precipitate, hence only coupons for electrochemical tests were produced. 
7.3.8 Molybdate-based / Permanganate 'Two Solution' Treatments 
The 'two solution' treatments were examined, involving an initial immersion into solution (1), 
followed by a second immersion into solution (2). The formulations consisted of 10gl-1 Na2MoO4.2H20 
and 10gl-1 KM004. A set of coatings was also produced using a 10gl-1 Na2MO04.21-120 + H202 UMOI : 
01- 1=1.0) i. e. a permolybdate formulation, instead of the simple molybdate solution. The solution 2 
conditions were pH 5.0 for the simple molybdate solution, pH 3.0 for the pen-nolybdate solution and pH 
2.2 for the permanganate solution. Immersion times in each solution were for 300 seconds, at an 
operating temperature of 20*C. Agitation was provided by manual movement of the coupon. 
To summarise, four treatment procedures were utilised: 
Treatment 1. (1) Simple molybdate, followed by (2) Permanganate. 
Treatment 2. (1) Permanganate, followed by (2) Simple molybdate. 
Treatment 3. (1) Permolybdate, followed by (2) Permanganate. 
Treatment 4. (1) Pennanganate, followed by (2) Permolybdate. 
7.4 Corrosion Tests 
Before corrosion tests were undertaken the edges of the coated coupons were masked, with 
chemically resistant tape (3M Scotch Brand 8403), in a effort to reduced the influence of edge effects. 
Before subjecting the coated surfaces to corrosion tests, the coupons were 'aged' at room temperature in a 
clean environment for at least 24 hours after the coating treatment, in accordance with ASTM B20 1.182 
7.4.1 Neutral Salt Spray (Fog) Corrosion Test 
Neutral salt spray (fog) corrosion tests were carried out employing a humidified 5wt. % NaCl 
spray at 3 PC in accordance with ASTM B 117 
182 (Section 5.1). The deterioration of the coated surfaces 
was monitored with time, noting changes in visual appearances. Times to the onset of white and red 
corrosion products were recorded. 
it was apparent for a number of the coated surfaces the appearance of the voluminous white 
corrosion products were noticeably reduced in comparison with the 'as-plated' zinc-nickel alloy 
electrodeposit over the duration of the time. In this case the time to the development of a thinner white 
film was recorded. 
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7.4.2 Electrochemical Measurements 
All electrochemical tests were undertaken within a Faraday cage, to minimise the effect of any 
external electrical interference. The linear polarisation measurements were conducted in accordance with 
aspects of ASTM G591 82 and G 102.182 
7.4.2.1 Potentiodynamic Polarisation Measurements 
The 'as-plated' zinc-nickel alloy deposits and coated surfaces were mounted in an electrode 
holder and inserted into a multi-necked cell which contained a platinum and saturated calomel reference 
electrode (SCE) against which the potentials were measured. Potentiodynamic polarisations were 
conducted in a quiescent 3.5wt. % NaCI solution after an immersion time of 30 minutes. The initial pH 
of the solution ranged between pH 5.2 to 5.6. The potential was initially held for 30 seconds at a 
cathodic overpotential of 25OmV, to allow the cell to equilibrate before sweeping in the anodic direction. 
7.4.2.2 Electrochemical Corrosion Tests 
'Me 'as-plated! zin. c-nickcl afloy deposits and coated surfaces were subjected to short tenn and 
long term electrochemical corrosion tests using an ACM Instruments AutoTafel unit. The 
electrochemical tests were made in a multi-necked cell which contained a platinum counter electrode and 
a saturated calomel reference electrode, immersed in a quiescent 3.5wt. % NaCl solution (the initial 
solution pH ranged between 5.2 to 5.6). Linear polarisation resistance (LPR) measurements were 
conducted at potentials within the range of ±2OmV from the corrosion potential, at a sweep rate of 
6mV/min- The potential was initially held for 30 seconds at a cathodic overpotential of 20mV, to allow 
the cell to equilibrate before sweeping in the anodic direction. The linear polarisation measurements 
were repeated three times, with a rest period of 5 minutes between each sweep. The average polarisation 
resistance and corrosion current density were determined using a purely mathematical approach 
described by Bandy'90 (Section 5.2.2 and Appendix A), as opposed to a graphical determination of the 
Rp and Tafel constants (bA and bc), thereby the instantaneous corrosion rates were obtained directly from 
the polarisation data. This method eliminated the need to determine the values of the Tafel constants 
which may change with time. For the short terrn tests, coated coupons were immersed for a period of 24 
hours before LPR measurements were taken. Whereas, for the long term tests measurements were 
obtained at regular intervals over a period of several hundred hours. 
7.4.2.3 Analysis of Errors 
In a corrosion monitoring system, the measurement of the anodic (Q and cathodic (Q current 
values at any particular AE (i. e. ±5 or ±2OmV), will have associated random effors. An assessment of 
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errors has been conducted by Bandy for the mathematical method. 190 It was calculated an initial error of 
5% in measuring I, and I, at a AE value of 20mV would produce a maximum error of approximately 
10% in the determined corrosion current density. Furthermore, it was concluded that with increasing 
then the corresponding maximum error in the corrosion rate, errors in measuring the currents (I, and Ic 
i.,, will also increase. 
7.5 Coating Characterisation /Elucidation 
7.5.1 Scanning Electron MicroscoPy 
Surface morphologies of the 'as-plated and coated surfaces were elucidated using a Cambridge 
Instruments Stereoscan 360, scanning electron microscope. 
7.5.2 EXAFS Analysis 
7.5.2.1 Standards 
A range of molybdenurn compounds containing molybdenum in different chemical 
environments and oxidation states were required, so that direct comparisons in Mo K-absorption edge 
spectra and fitted Fourier transform could be made with the coated surfaces. A number of the 
molybdenum compounds were prepared in the laboratory, whose preparation are described below, with 
the remainder obtained commercially. 
7.5.2.1.1 Sodium Heptamolybdate 
white crystalline solid was obtained from a Na2M004.2H20 solution (5g in 5 OCM3 ), adjusted 
to pH 5.0 (using H2SO4 or NaOH). Ile solution was allowed to evaporate at room temperature, under a 
reduced pressure. 
7.5.2.1.2 Sodium Peroxomolybdate 
A yellow ciystalline solid was obtained from a Na2MoO4.2H20 (5g in 50cm. 
3), 
to which 
hydrogen peroxide was added in a ratio of [Mo] 
02-] = 1.0. The resultant solution was adjusted to pH 2 
3.0 (using H2SO4 or NaOH), and allowed to evaporate at room temperature. 
7.5.2.1.3 Dizine Trimolybdenum(IV) Oxide 
Zn2M0308was prepared from ZnO andM002. mixed in the required stoichiometric ratios, 
packed in the form of a pellet and heated in a sealed evacuated silica tube at a temperature of 1045*C for 
144 hours. 
57 
7.5.2.1.4 Trizinc Dimolybdenum(VI) Oxide 
Zn3Mo209 was prepared from ZnO and M003, mixed in the required stoichiometric ratios, 
packed in the form of a pellet and heated in a sealed evacuated silica tube at a temperature of 9050C for 
144 hours. 
7.5.2.2 Coated Surfaces 
A range of simple molybdate, and permolybdate coatings were examined. Tle coated surfaces 
were prepared on zinc-nickel alloy electrodeposits, using the 50 x 50rnrn sized coupons. The coating 
formulations utilised, were identical to the treatments described in sections 7.3.2 (simple molybdate) and 
7.3.5 (permolybdate), with coatings formed over a pH range of 3.0 to 6.2 and 2.0 to 5.0 respectively. 
7.5.3 EXAFS Experimental 
Molybdenum K edge EXAFS data was collected in transmission mode for the standards and 
fluorescence mode for the coated surfaces, on stations 9.2 and 9.3 at the Daresbury Laboratory SRS. 
Ionisation chambers were filled with a mixture of Ar/He and Kr/He at the appropriate partial pressures to 
optimise detector sensitivities. Both detectors were required during the transmission mode, situated in 
the incident beam path before (Q and behind (1, ) the standards (Figure 4). The standards were prepared 
by sandwiching thin, uniform layers of the standard material between thin plastic films, held in position 
by a rigid frame. For the coated surfaces the fluorescence mode was utilised, in which one ionisation 
chamber was situated before the coated coupon, with a fluorescence detector position at 901 to the beam 
path (Figure 5). All EXAFS data was collected at room temperature. The molybdenum K adsorption 
edge position, for stations 9.2 and 9.3, was calibrated using a molybdenum foil, to establish any 
difference between the two stations. For station 9.2, E. = 20008.4eV; similarly for station 9.3, E. 
20008-leV. 
7.5.3.1 EXAFS Data Analysis 
'Me basic equation for the interpretation of EXAFS data is 
Ni lf 2 
X(k) =Z j(Ir)le-2R , 
/. te-2a-j2k 
sin(2kRj + 29 2 
j kRj 
where X(k) is the magnitude of the X-ray absorption fine structure as a function of the photoelectron 
wave vector k; Nj is the coordination nwnber and Rj is the interatomic distance for the jth shell. 5 and 
are phase shifts experienced by the photoelectron, fj(; r) is the amplitude of the photoelectron 
backscattering, and 2, is the electron mean free path; these are calculated within EXCUR92.1 T'he Debye- 
Waller factor is represented by A= 2cý in EXCUR92. 
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The programmes EXCALIB, EXBACK and EXCURV92 were utilised to extract the EXAFS 
signal and for the analysis of the data. Least squares refinements of the structural parameters of the 
standards and coated surfaces were carried out against the P weighted EXAFS signal to minimise the fit 
index (FI). 
3(XT 
_ XE 
))2 
Fl = j: 
(k 
i 
T where X, and XEj are the theoretical and experimental EXAFS, respectively. The results of 
refinements are reported in terms of the discrepancy index. 
R= 
(f ýZT (k) _XE (k))Ik 3 dk /f 
IZE (k)lk 3dk) X 100% 
Interatoriiic distances for the standard compounds were retrieved from the UK chemical 
database, based at Daresbury Laboratory. Two databases were utilised, the Inorganic Crystal Structure 
Data file (ICSD) and the Metals Data File (MDF). To calculate the radial distribution of atoms in a 
crystal, out to a selected distance from a central molybdenum atom a program called 'CRAD' was 
required. To obtain the fitted Fourier transform for the standards and coated surfaces, die number of 
atoms in each shell were fixed, and the shell distances (R) and Debye-Waller factor (A) were refined to 
give a minimum in the discrepancy index. 
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8 Results and Discussion 
8.1 Coating Morphology 
8.1.1 Chromate Coatings 
Generally, the laboratory chromate treatment produced coatings with visual appearances ranging 
from a golden/blue film for a 30sec immersion, to a dark orange coloured, surface finish for the 120see 
treatment. Examination by SEM revealed that the 120sec; chromate treatment (Micrograph 1) resulted in 
a surface with a characteristic 'dried riverbed' cracked structure. Films of this type are considered to have 
a gel-lik-e structure5* 16 When initially formed, but upon drying, so as to relieve internal stresses, the 
coatings crack, resulting in a surface finish resembling amud cracked or dried riverbed!. 
investigations undertaken by Abibsi et al . 
20 have reported similar observations. The CrO3/NaCI 
formulation was reported to give a wide range of coated surfaces. Zinc-alloy deposits containing 0 to 
0.3wt. % nickel gave a very dark brown appearance. Examination of the surface by SEM showed that 
significant mud-cracked films were produced even after short immersion times. Deposits containing 
nickel contents of 12.4wt. % and above, were lighter in colouration, being of a dark orange/blue 
appearance. Examination in the SEM revealed a less obvious crack structure, which was considered to 
suggest more coherent films. Commercial chromate formulations for zinc-alloy electrodeposits have 
been reported by Abibsi2o to have a light iridescence appearance. A SEM examination did not reveal any 
significant information, the surfaces being very similar to those observed in the 'as-plated! condition. 
8.1.2 Simple Molybdate Coatings 
Visually the appearance of the simple molybdate coatings varied depending on the pH of the 
treatment solution. During the coating treatment it was apparent the coatings underwent a sequence of 
colour changes, as a result of increasing coating thickneSS. 
202 Overall, the more acidic treatments (pH 3.0 
to 5.5) produced matt black/dark brown finishes, with the appearance in some instances of a slight 
iridescence. The weakly acidic solutions (pH 6.0 and 6.2) gave only iridescent to faint gold/blue 
colourations. 
The simple molybdate treatments generally produced coatings with the characteristic 'dried 
riverbed' appearance, not too dissimilar to a chromate-based coating. Although, the crack structures for 
the molybdate treatments were more discernible as platelets with sharp, well-defined edges. 
Comparisons between the immersion and cathodicallY polarised treatments over a range of pH 3.0 to 6.0 
indicated that the immersion technique produced coatings with a much finer crack structure compared to 
the latter technique. The immersion coatings typically gave granular surface finishes (Micrograph 2) 
with the exception of the pH 3.0 treatment where a smooth platelet surface was apparent. The 
polarisation technique, however resulted in nodular coatings, possibly associated with secondary 
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nucleation points on platelet surfaces, with a high degree of micro-cracking within the platelets 
themselves (Micrograph 3). Consequently these coatings appeared to have inferior integrities when 
compared with the immersion treatments. Generally, coating integrities increased with increasing pH of 
the simple molybdate solutions, resulting in both the pH 6.0 immersion and polarisation treatments 
giving morphologies with extremely fine crack patterns, although the crack edges were irregular and ill- 
defined. The more acidic treatments typically produced coatings with sharp, well defined crack 
structures. For both treatment techniques (i. e. immersion and cathodic polarisation) the size of the 
platelets typicafly ranged between 5-10pin. 
Examination of the pH 6.2 immersion coating morphology revealed no evidence of a coating, 
the surface was reminiscent of the 'as-plated' zinc-nickel alloy. The pH 6.2 polarisation treatment 
produced an extremely fine platelet structure which was barely visible, the platelets were rectangular and 
approximately 15gm in size, with smooth slightly nodular Surfaces following the underlying zinc-nickel 
topography. 
8.1.3 Heteropolymolybdate Coatings 
Both the silicomolybdic and phosphornolybdic acid solutions, utilising 5min immersion times, 
resulted in the formation of golden/blue iridescent films. Conversely, 5min immersions in the nitric acid 
stabilised formulations produced a matt blackiblue coloured coating for the silicomolybdic acid solution 
and a golden-brown surface finish for the phosphomolybdic acid solution. Examination by SEM of 
coatings produced by the latter heteropolymolybdate solutions (Micrographs 4 and 5) revealed that both 
treatments gave a distinctive 'dried riverbed' cracked surface morphology, the surface structure was 
revealed to be extensively cracked, with a very broad and coarse appearance in comparison with the 
simple molybdate coatings. 
8.1.4 Cerium Based Coatings 
8.1.4.1 Simple Cerium-based Treatments 
Both the cerium nitrate and cerium chloride formulations required prolonged immersion times 
and elevated temperatures to achieve a visible coating. The two treatments produced films that had a 
light blue surface appearance. Examination by SEM (Micrograph 6) revealed that the surfaces typically 
had a nodular surface morphology, with no apparent crack structure. 
8.1.4.2 Dual Immersion Treatments 
Overall, the series of dual treatments consisting of immersions into either one of the CeC13 or 
Ce(N03)3 containing solutions, followed by one of the phosphomolybdic or silicomolybdic acid 
formulations, generally resulted in orange-brown/blue iridescent coatings. SEM examination of the 
treatments utilising a-final phosphomolybdic acid immersion (Micrograph 7) revealed a morphology 
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consisting of smooth platelet surfaces, with a relatively coarse and irregular crack pattern. Conversely, 
with a silicomolybdic acid immersion, the SEM (Micrograph 8) showed a morphology where the 
platelets were covered with a porous, fine crystalline material structure and the crack pattern was 
irregular and ill-defined. For all four treatments, platelet size typically ranged between 15-25ýtm. 
8.1.4.3 Immersion / Anodic Surface Modification Treatments 
The immersion/anodic surface modification treatment incorporated aspects of the 'Stainless 
Aluminium'08,111 process. Primarily, immersion treatments into cerium-based solutions to produce a 
stable oxide were followed by an anodic polarisation in a molybdate-based solution. It was suggested 
that an enhancement in the passivity can be achieved by the electrochemical incorporation of the W+ 
species into the conversion coating. The 'Stainless Aluminium' process required the utilisation of both 
the cerium nitrate and chloride treatments. For the zinc-nickel alloy substrate, the cerium treatments only 
resulted in the fortnation of a coating when the procedure consisted of an initial CeC13 immersion 
followed by a Cc(N03)3 immersion, which produced a faint red/green iridescent film. If the procedure 
was reversed, then the initial Ce(NOA coating was removed and the underlying zinc-nickel alloy surface 
was observed to deteriorate. The anodic polarisation (TI =+ 300 mV) in a deaerated 10gl-I sodium 
molybdate solution for 15 minutes, resulted in a white precipitate over the surface and was therefore 
considered unfavourable as a practical technique. When the sodium molybdate was replaced with 
silicomolybdic acid, the red/green iridescence of the cerium treatments changed to a dull grey/blue 
surface finish. 
Examination by SEM revealed the characteristic cracked surface morphology (Micrograph 9). 
However, large defects were apparent possibly associated with the formation of particles on the surface 
during the anodic polarisation treatment, consequently the surface was masked resulting in large 
impressions/holes in the coating. 
8.1.4.4 Cerium Chloride / Hydrogen Peroxide Treatments 
The coating treatment involved a simple immersion for 5 minutes, which resulted in a 
yellow/gold coating finish. When examined by SEM (Micrograph 10) the morphology of the coating 
appeared to be patchy, with some areas covered with a fine crystalline mass. Beneath the initial patchy 
layer, a uniform surface was visible. It was difficult to distinguish whether this surface was the cerium 
coating orjust the underlying zinc-nickel alloy electrodeposit. 
8.1.5 Permolybdate Coatings 
The visual appearances of the permolybdate coatings over the pH range were generally iridescent 
in nature with the exception of the pH 2.0 treatment which gave a matt black/slightly iridescent finish. 
62 
With decreasing treatment pH, i. e. from pH 6.0 to 3.0, it was evident the resultant coatings became more 
vivid and striking in colouration. 
SEM examination revealed that the permolybdates had coating morphologies with relatively 
good integrities. Only the pH 2.0 treatment produced a surface with a coarse crack structure (Micrograph 
11), similar to the simple molybdate treatments. Some platelets could be seen to have been physically 
lifted, although significantly there appears to be evidence of a second cracked surface underneath. 
Treatments at pH 3.0 (Micrograph 12) to 4.0 resulted in a very fine and well-defined crack structure over 
the majority of the surface, but there appeared to be areas where the coating surface was highly crack-ed. 
The two treatments at pH 5.0 (Micrograph 13) and 6.0 produced morphologies with no visible crack 
patterns, the coatings followed the underlying topography and the surface had a slightly nodular 
appearance, especially for the pH 6.0 coating. 
8.1.6 Permanganate Coatings 
The potassium permanganate treatment resulted in an iridescent surface finish. The SEM 
(Micrograph 14) showed the surface morphology to be highly cracked, with an ill-defined structure as 
platelets appear to be flaking off the surface. Small particles were also apparent on the platelet surfaces, 
possibly as a consequence of the instability of the acidic permanganate coating solution, resulting in the 
formation of a MnO2 precipitate (Reaction 8.1). 
4 Mno-4 + 4H+ Mn02 + 02 + 2H20 (8.1) 
8.1.7 Combined Molybdate and Permanganate Treatments 
8.1.7.1 Molybdate / Permanganate Single Solution Treatments. 
Tlie molybdate/permanganate, single solufion treatment resulted in a pale iridescent (ligbt 
bluelyellow) film. In the SEM (Micrograph 15) the surface appeared to be slightly nodular, following 
the underlying topography, no cracking of the coating was evident. 
The permolybdate/pennanganate single solution treatment again produced a very pale 
iridescence after a5 minute immersion and a stronger iridescent finish at 15 minutes. The 5 minute 
coating (Micrograph 16) gave a surface morphology which was relatively crack free, the surface had a 
nodular appearance, with widespread small particles evident. The 15 minute treatment (Micrograph 17) 
revealed a surface morphology that was both extensively cracked and nodular in appearance. The crack 
patterns were characteristic of the simple molybdates coatings. The nodules appear to grow from the 
platelet surface, also small particles are evident amongst the nodules. 
8.1.7.2 Molybdate / Permanganate Two Solution Treatment. 
Tle two solution treatment consisting of a simple molybdate, then a permanganate immersion, 
resulted in a mainly iridescent coating with some golden-brown areas in evidence. 'Me resultant 
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morphology (Micrograph 18) showed a partially cracked surface structure, with small particles 
embedded in, or adhering to, the surface. The cracks generally did not appear to join up into a network 
and thus consequently did not have the characteristic molybdate crack morphology. When the treatment 
procedure was reversed (i. e. (1) permanganate (2) molybdate), visually the coating had a golden brown 
surface finish which was slightly powdery. The SEM micrograph revealed that the coating bad a 
relatively good integrity, with a well-defined crack pattern, similar to a pen-nolybdate treatment. 
When the permolybdate treatment solution replaced the molybdate solution in the coating 
procedure, the coating formed by permolybdate followed by a pen-nanganate immersion had a red/green 
iridescent appearance with some areas having a golden-brown surface finish. The morphology 
(Micrograph 19) was most striking, in that the initial crack structure of the permolybdate treatment had 
been 'filled in' by the permanganate, producing a smooth 'vein-like' surface. The coating had evidence 
of micro-cracking, which followed the topography of the 'as-plated' zinc-nickel alloy, as well as small 
particles embedded in, or adhering to, the surface were also apparent. Conversely, when the treatments 
were reversed (i. e. (1) permanganate (2) permolybdate) the visual appearance was of a blue/yellow 
iridescence. The SEM revealed a slightly inferior surface, with some areas extensively cracked, although 
generally the platelet surfaces were relatively smooth. 
8.2 Neutral Salt Spray (Fog) Corrosion Test 
Neutral salt spray corrosion tests were undertaken in an attempt to rank the corrosion 
performances of the non-chromate conversion coatings and to make direct comparisons with the 'as- 
plated' zinc-nickel alloy electrodeposit and laboratory formed chromate conversion coatings (Table 5 and 
Figures 7 to 12). 
8.2.1 Chromate Coatings 
Generally, when chromate coatings with an iridescent finish (30sec immersion) were subjected to 
the salt spray environment, the corrosion performances were observed to range between 200 - 380 hours 
to white film and 1300 - 1500 hours to red rust. Similarly, for the dark orange chromate coating (120sec 
immersion), times to white filin and red rust were 990 and 2160 hours respectively. When stating 
corrosion performances of the chromate coatings, it should be noted that the appearance of voluminous 
white corrosion products were significantly diminished. However, the formation of a white film was 
apparent. With increasing exposure time to the salt spray environment, a gradual deterioration of the 
iridescent surface finish coatings was evident. 'Me surfaces became dull and grey, with tiny black spots 
apparent over the entire surface. This corresponds with observations made by Abibsi et al . 
20 where X-ray 
mapping indicated the black spots were associated with the presence of iron. It was suggested that 
corrosion was initiated at defects or weaknesses within the chromate coating, leading to intense localised 
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corrosion of the underlying zinc-nickel alloy deposit, which ultimately gave rise to a classic case of 
pitting corrosion. 
In comparison, the corrosion performance of the 'as-plated' zinc-nickel alloy deposit (Figure 7) 
produced ranges between 3-7 hours to white film and 436 - 483 hours to red rust. At the end of the 
neutral salt spray corrosion test the coupons were extensively covered with both voluminous white and 
red corrosion products. 
8.2.2 Simple Molybdate Coatings 
in the neutral salt spray corrosion test, the molybdate-based coatings initially deteriorated quite 
rapidly, primarily due to the formation of 'blister-type' marks over the surface. Areas of the coatings 
appeared to have been washed off the surface, revealing the underlying zinc-nickcl alloy deposit. The 
majority of the deterioration was most pronounced within the first 50 hours of exposure and then tended 
to decrease rapidly with time. Even though significant areas of the molybdate coatings had been 
removed, the appearance of the voluminous white corrosion products was noticeably reduced in 
comparison with the 'as-plated' zinc-nickel alloy electrodeposits over the duration of the corrosion test. 
Generally, the pH 3.0 to 5.5 immersed (Figure 7) and the cathodically polarised (Figure 8) 
molybdate coatings all achieved modest improvements in the corrosion performance over the 'as-plated' 
zinc-nickel alloy. Resulting in corrosion performances ranging between 97 - 140 hours to the formation 
of a white film and 580 - 626 hours to the appearance of red corrosion products. It was evident the 
cathodic polarisation treatments over a range of pH between 3.0 to 5.5 appeared to have similar or 
slightly improved corrosion performances in comparison with the immersion treatments. However, the 
cathodic polarisation treatments achieved significant improvements in corrosion performance, compared 
to the immersion treatments for the pH 6.0 and 6.2 coatings. The corresponding immersion treatments 
resulted in inferior corrosion performances compared with the 'as-plated' zinc-nickel alloy deposit, 
especially to the onset of the formation of red corrosion products. 
The superior corrosion performances obtained by the cathodic polarisation procedure for the 
higher PH treatments, e. g. PH 6.0 and 6.2, could be associated with the presence of thicker, more 
coherent coatings, as indicated by the SEM examination. Whereas, the surface morphology of the 
corresponding immersion treatments revealed no visible evidence of a coating, suggesting that for the PH 
6.0 and 6.2 immersion treatments very little or no coating formation took place. An incomplete 
molybdate coating would be insufficient to protect the underlying alloy deposit by a barrier effect, thus 
the dissolution processes would not be significantly hindered. At the end of the neutral salt spray 
corrosion test for the simple molybdate treatments the appearance of voluminous white corrosion 
products on the coupons was diminished, with respect to the 'as-plated zinc-nickel alloy deposit. With 
the exception of the PH 6.0 and 6.2 immersion treatments, where coupons were extensively covered with 
both voluminous, white and red corrosion products. 
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8.2.3 Hetcropolymolybdate Coatings 
Both the silicomolybdic and phosphomolybdic acid, unstabilised and nitric acid stabilised 
formulations produced coatings with markedly inferior corrosion performances, when compared to the 
fas-plated'zinc-nickel Aoy deposit (Figure 9). 
The unstabilised heteropolyrnolybdate treatments when subjected to the salt spray corrosion test, 
resulted in performances to the appearance of a white film of less than 30 hours, with times to the onset 
of red rust of 128 and 295 hours, for silicomolybdic and phosphomolybdic acid respectively. Similarly, 
the nitric acid stabilised formulations were observed to provide equally poor performances, with times to 
white film of less than 25 hours and times to red rust of 220 and 195 hours, for the silicomolybdic and 
phosphomolybdic acid treatment respectively. 
The reduced performance times to the formation of red corrosion products possibly indicates that 
substantial zinc dissolution occurred during the coating treatments, associated with the highly acidic 
nature of the formulations. In comparison, similar pH levels are present for chromate treatments. The 
resultant loss of zinc caused the zinc-nickel alloy deposit to become increasingly enriched in nickel, thus 
reducing the sacrificial capability of the alloy to protect the mild steel. Combined with the poor integrity 
of the surfaces, as revealed by SEM, the heteropolymolybdate coatings afforded little protection to an 
aggressive environment. 
8.2.4 Cerium-based Coatings 
8.2.4.1 Simple Cerium-based Treatments 
The cerium nitrate immersion coating (Figure 10) produced a salt spray corrosion performance 
of 6 hours to the formation white film and 407 hours to red rust. Overall, the corrosion performance was 
slightly inferior to the 'as-plated' zinc-nickel alloy deposit indicating that no improvement in corrosion 
resistance was achieved. The prolonged immersion at elevated temperatures could possibly have resulted 
in the dissolution of zinc from the alloy deposit with a consequent loss of sacrificial protection, thus 
explaining the poor performance to the appearance of red corrosion products. 
8.2.4.2 Dual Immersion Treatments 
Generally, the dual cerium-bascd and heteropolymolybdate immersion treatments (Figure 10) 
achieved poor corrosion performances in the neutral salt spray corrosion test. All four treatments 
resulted in times to white film of less than 30 hours and to red rust in the range between 199 - 242 hours. 
The performances are similar to the corrosion Performances obtained by the heteropolymolybdate 
immersion coatings. 
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8.2.4.3 Immersion / Anodic Surface Modification Treatment 
The initial cerium-based coating, resulting from a CCC13 followed by Ce(NOA immersion 
treatment produced a corrosion performance with times to white film and red rust of less than 24 and 155 
hours respectively. The time to red rust was markedly inferior to even the single cerium nitrate coating, 
suggesting that the prolonged treatments at elevated temperatures were detrimental to the underlying 
zinc-nickel alloy deposit. 
When the cerium treatments + anodically modified coating was subjected to the salt spray 
environment the coating failed after 48 hours, whereupon red corrosion products were obsmed. Little 
or no white film was apparent, indicating that the anodic modification treatment had removed the 
majority of the zinc from the alloy deposit. The resultant destruction of the zinc-nickel alloy deposit, 
leaving only a porous nickel layer remaining, provided no sacrificial protection to the mild steel 
substrate. 
8.2.4.4 Cerium Chloride / Hydrogen Peroxide 
The cerium chloride/hydrogen peroxide coating (Figure 10) gave a corrosion performance of 48 
hours to the formation of a white film and 406 hours to the appearance of red corrosion products. 
overall, the performance to red rust appears to be similar or slightly inferior when compared with the 'as- 
plated' zinc-nickel alloy. 
8.2.5 Permolybdate Coatings 
The corrosion performances of three permolybdate treatments (Figure 11) have been studied, 
coatings produced from the pH 2.0,3.0 and 5.0 solution formulations. The pH 5.0 coating gave a 
similar corrosion performance to that corresponding to a simple molybdate treatment, with an initial 
deterioration of the surface due to the formation of large blister marks over the surface. Leading to the 
fortnation of a white film in 71 hours and eventually the onset of red corrosion products in 480 hours. 
However, the two lower pH treatments behaved differently. Initially, again there was the development of 
the blister marks, but the marks were considerably smaller in size and took longer to appear. With 
prolonged exposure, the formation of white corrosion products in the centres of the blisters was greatly 
reduced, even after 200 to 300 hours the iridescent nature of the coatings was still apparent. Corrosion 
perfon-nances for the pH 2.0 and 3.0 coatings times to white rust of 285 and 144 hours, and to red rust of 
798 and 700 hours respectively. The observed performances for the pH 2.0 and 3.0 permolybdate 
coatings indicates a significant improvement in comparison with the simple molybdate coatings, as well 
as achieving an overall performance which resembles more closely that for an iridescent chromate 
coating. 
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8.2.6 Permanganate Coatings 
When subjected to the salt spray environment the permanganate coatings (Figure 11) 
immediately (within 6 hours) appeared to deteriorate, with the loss of the iridescent appearance, the 
surfaces became increasingly dull and grey. The formation of a white film was apparent after 30 hours, 
and thereafter an extensive development of more conspicuous, voluminous white corrosion products was 
observed. The deteriorafion was considerably more advanced than that of the 'as-plated'zinc-nicket alloy 
for the same exposure time. Similarly, the performance to red rust of 267 hours was markedly inferior 
when compared with the uncoated Zn-Ni alloy. 
it would appear that the utilisation of a permanganate coating results in a significant decrease in 
corrosion performance when tested in a neutral salt spray environment. 
8.2.7 Combined Molybdate and Permanganate Treatments 
8.2.7.1 Molybdate / Permanganate Single Solution Treatment 
No neutral salt spray corrosion tests were undertaken, due to treatment solution instability (Section 
7.3.7). 
8.2.7.2 Molybdate / Permanganate Two Solution Treatment 
overall, the two solution treatments resulted in corrosion performances (Figure 12) with times 
to the formation of a white film ranging between 53 to 149 hours and to red corrosion products between 
294 to 789 hours. 'Me observed performances especially to the appearance of a white film appeared to 
be slightly inferior to typical performances obtained for the simple molybdate and permolybdate 
coatings. Although, the performances were consistent with the surface morphologies, as revealed by the 
SEM, where the (1) molybdate (2) permanganate treatment was shown to produce a coating with a highly 
cracked surface and conversely the (1) permanganate (2) molybdate treatment resulted a coating with the 
best integrity. 
The coating treatments utilising a molybdate immersion appeared to be extensively Vistered' 
after 30 hours. With increasing exposure to the salt spray environment, the formation of 'blistee marks 
on the (1) permanganate (2) molybdate coating was less severe and smaller in size, whcn compared with 
the (1) molybdate (2) permanganate coating. Eventually the (1) molybdate (2) permanganate coating 
achieved a corrosion performance to red rust of just 294 hours, markedly inferior to the 'as-plated' zinc- 
nickel alloy deposit, however, it corresponds with the performance of a single permanganate coating. 
Conversely, the (1) permanganate (2) molybdate achieved a corrosion performance to red rust of 579 
hours, similar to the protection provided by the simple molybdate coatings (PH 3.0 to 5.5, immersion 
treatment). 
It was apparent that when the molybdate treatment was replaced by a permolybdate immersion, 
the iridescent nature of the coatings was evident for far longer, up to 149 hours for the (1) permolybdate 
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(2) permanganate coating. The formation of blister marks was observed to be less numerous and much 
smaller in size for these two coatings. The (1) permolybdate (2) permanganate coating produced a 
corrosion performance to the formation of red corrosion products of 789 hours, similar to the best 
permolybdate treatments. 
8.3 Potentiodynamic Polarisation Curves 
A series of preliminary electrochemical measurements were undertaken utilising a 
potentiodynamic polarisation technique in order to characterise the corrosion behaviour of the 'as-plated' 
zinc-nickel alloy, as well as a number of passivation treatments, when totally immersed into a quiescent 
3.5wt. % NaCl solution. Representative potentiodynamic polarisation curves can be seen in figures 13 
and 14 for the 'as-plated! zinc-nickel alloy electrodeposit (14wt. % nickel); a chromate treatment (30sec, 
iridescent coating); a simple molybdate treatment (pH 5.5 immersion); and permolybdate treatments over 
a range of pH between 2.0 and 5.0 (Figure 14). 
8.3.1 Zinc-Nickel Alloy Electrodeposit 
For the 'as-plated' zinc-nickel alloy deposit, the anodic branch of the polarisation curve (Figure 
13) was observed to result in an initial sharp increase in the current density, suggesting that when the 
applied potential increased above the equilibrium potential, a rapid dissolution of zinc from the alloy 
deposit occurred. The current density then continued to gradually increase to a limiting current possibly 
as a result of corrosion products accumulating on the electrodeposit surface, effectively hindering any 
further increase in the dissolution rate. 
The cathodic branch of the polarisation curve showed a highly polarised behaviour, a limiting 
current was almost reached immediately, consequently a large increase in polarisation overpotential only 
produced a small increase in current density. This is indicative of cathodic reduction reactions that are 
under diffusion control, such as the oxygen reduction reaction. 
144,203 
8.3.2 Chromate oating 
The chromate treatment (30sec, iridescent coating) revealed an anodic behaviour (Figure 13) 
which reflected the presence of a barrier effect provided by the conversion coating. The anodic Tafel 
slope of the chromated. surface was slightly higher than for the 'as-plated! zinc-nickcl alloy, indicating the 
anodic reactions were only partially retarded by the, chromate Coating. 
36,144 The cathodic branch of the 
polarisation curve showed a clear reduction in the cathodic reactions, compared with the as-plated zinc- 
nickel alloy deposit. The current density was initially low, increasing slowly with applied cathodic 
potential, as a result of the barrier effect imparted by the chromate surface. 144 The chromate conversion 
coating affected both the cathodic and anodic reactions, although, overall the corrosion performance of 
the iridescent chromate coating would appear to be mainly provided by a decrease in the cathodic 
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reaction, i. e. the reduction of oxygen. 36 However, greater inhibition of the anodic dissolution reaction 
has been reported for olive drab (thicker) chromate conversion coatings. 36 
8.3.3 Simple Molybdate Coating 
The potentiodynamic polarisation curve (Figure 13) corresponding to the simple molybdate 
treatment (pH 5.5 immersion) showed a slight displacement in the corrosion potential in the positive 
direction and provided a measurable improvement in the corrosion current density (extrapolating the 
anodic and cathodic slopes to the corrosion potential) compared with the 'as-plated' zinc-nickel alloy. 
'Me higher anodic Tafcl slope evident for the anodic branch of the polarisation curve, suggests the simple 
molybdate coating is more effective in retarding the dissolution reactions compared with the iridescent 
chromate coating, possibly as a consequence of the former's greater thickness. This is consistent with 
comparisons made between iridescent and olive drab chromate coatings. " The cathodic branch of the 
poiarisation curve for the molybdate coating, indicated the barrier effect was less cffecfive than the 
chromate treatment in retarding the oxygen reduction reaction. Overall, the potentiodynamic polarisation 
behaviour suggests the simple molybdate coating achieves a moderate barrier effect. 
8.3.4 Permolybdate Coatings 
Potentiodynamic polarisations were performed for a range of permolybdate coatings produced 
utilising solution formulations between pH 2.0 and 5.0 (Figure 14). Both the anodic and cathodic 
branches of the polarisation. curves from the pH 4.0 and 5.0 permolybdate coatings appeared to correlate 
well with the polarisation. behaviour observed for a simple molybdate coating (Figure 13). The 
permolybdate coatings formed from these two formulations, appear to affect the corrosion behaviour by 
retarding both the anodic and cathodic reactions, reducing the metal dissolution and the oxygen reduction 
reaction, due to the barrier effect of the coating. 
However, it was clearly evident from the Potentiodynamic polarisation curves that the pH 2.0 
and 3.0 permolybdate coatings produced a different behaviour. The cathodic branch of the curves have 
shifted cathodically by 100-150mV, resulting in equilibrium potentials of approximately -1200 
mV(SCE). The cathodic Tafel slopes were much lower in comparison with those of the other two 
permolybdate coatings (pH 4.0 and 5.0). 'Me corresponding anodic branch of the curves were also 
significantly different, showing a highly polarised behaviour with limiting current densities up to -1000 
mV(SCE), whereupon, the polarisation curves began to follow similar trends to the pH 4.0 and 5.0 
pennolybdate coatings and the simple molybdate coating. 
Ile chemistry of the permolybdates is complex. As with the isopolymolybdates, permolybdates 
result from acid hydrolysis and polymerisation reactions, and depending on the concentration ratio of 
peroxide to molybdenum ([O"-]: [Mol) and pH, a number of different polymeric species can be 2 
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produced. It is considered that the polymerisation occurs in definite steps, beginning at approximately 
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pH 6.0 and is not generally believed to be completed until approximately pH 4 . 0.204 For weakly acidic 
pcrmolybdate formulations, such as pH 4.0 and 5.0 the polymerisation would probably be only partially 
complete. Conversely, in the more acidic environments, pH 3.0, polymerisation would occur to a much 
greater extent, for example the anion [M07022(02)216- could predominate. During the formation of the 
permolybdate coatings, different permolybdate species could therefore be incorporated, depending on the 
pH of the coating treatment, thus ultimately effecting the overall behaviour of the coatings. 
A possible explanation of the observed potentiodynamic behaviour for the pH 2.0 and 3.0 
permolybdate coatings, which indicated a marked change in current density in the cathodic branch, could 
be associated with a partial conversion of a residual permolybdate species within the coating to its 
corresponding isopolymolybdate structure, for example reaction (8.2): 
024]6- + [M07022(02)216- + 2H+ + 2e- -- [M07 H202 (8.2) 
This reaction would subsequently generate hydrogen peroxide within the coating itself 
Although hydrogen peroxide is considered a reactive species, sufficient quantities could still remain 
within the coating, resulting during the initial anodic branch, in the regeneration of the permolybdate 
species. 
A second intermediate reaction within the coating could also possibly occur within the anodic 
branch, involving the permolybdate species undergoing a reversible protonation reaction (8.3) to produce 
a hydropermolybdate species. 
[MO7022(02)2163" + H+ '. c- [M07022(02)(HO2)15' (8.3) 
Hydrogen ions would consequently be continually consumed by a combination of reactions in 8.2 and 
8.3. However, with time a sufficient quantity of hydrogen ions would ultimately build-up to eventually 
complete the conversion of the permolybdate species to the isopolymolybdate fon-n: 
+ 2H+ + 4e [M0702416 + 201-r (8.4) [M07022(O2)21( 
tM07022(O2)216 + 4H+ + 4e -c- (8.5) [M0702416"+ H20 
The potentiodynamic behaviour would therefore revert to a similar performance observed for the a 
simple molybdate coating. 
Alternatively, a possible kinetic mechanism could explain the potentiodynamic behaviour. On 
initiation of the potentiodynamic polarisation, the permolybdate coatings were held initially at an 
overpotential of -250mV for 30 seconds, to equilibrate before sweeping the potential in the anodic 
direction. At this overpotential, hydrogen ions will accumulate at the surface. An interaction between 
the peroxo groups of the permolybdate species and the hydrogen ions, involving either hydrogen bonding 
or the formation of the hydropermolybdate species (Reaction 8.3), could provide a mechanism to charge 
the surface with hydrogen ions. Tle limiting current density within the anodic branch could be 
associated with the diffusion of the hydrogen ions out from the surface, combined with the conversion of 
the permolybdate species to the corresponding isopolyrnolybdate structure. 
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The residual permolybdate content within a coating would be related to the coating thickness, 
which was observed to increase with increasing acidity of the treatment formulation when examined by 
SEM. The behaviour of the coatings during potentiodynamic polarisation (Figure 14) could 
consequently be associated with the residual permolybdate content within the coating and its stability to 
protonation. For the pH 4.0 and 5.0 permolybdate coatings, the partial polymerisation of the residual 
permolybdate species could be such that the initial cathodic polarisation converted the species to its 
coffesponding isopolymolybdate structure. The resultant behaviour when polarised thus coffesponds to 
the simple molybdate coating in figure 13. Conversely, treatments at pH 2.0 and 3.0 in comparison 
would have relatively greater residual contents, due to the thicker nature of the coatings and the structures 
of the pertnolybdate species could interact with the hydrogen ions to produce the hydropermolybdate 
species. 
The proposed residual pcrmolybdate content within the coatings could ultimately have a 
beneficial effect on the overall corrosion behaviour. The suggested interaction of the pennolybdate 
species with hydrogen ions could have the effect of interfering with the corrosion processes by retarding 
or inhibiting the cathodic reactions, such as: 
02 + 2H20 + 46' 40H- (8.6) 
Z- 2H30+ + 2e H2 + 2H20 (8.7) 
2H20 + 26' H2 + 20H' (8.8) 
I- 2H+ + 26' - H2 (8.9) 
Where hydrogen ions play an important role, either directly or indirectly with the formation of 
intertnediates. 
The incorporated pennolybdate species within the pH 2.0 and 3.0 coatings could behave as 
reservoirs, removing hydrogen ions which would otherwise be evolved in the cathodic reactions, until 
complete protonation had occurred and the permolybdate species were converted to the corresponding 
isopolyrnolybdate structure. 
'Me removal of hydrogen ions will consequently increase the localised pH within the coating, 
hence facilitate the formation of zinc hydroxides. Generally, crystalline zinc hydroxides and the less 
soluble basic zinc salts [Zn5(OH)8CI21 have been found to have a layered structure, similar to the layer 
structure attributed to the basic zinc carbonate [Zn5(C03)(OH)6] which forms dense adherent films and is 
considered to play such an important role in the corrosion resistance of ZinC. 
130,132 If active areas within a 
permolybdate coating are capable of being repassivated with a protective zinc hydroxide layer, the 
corrosion will then proceed at a much reduced rate. 
Tle formation of the more protective, adherent films of zinc hydroxide and/or basic zinc salts 
could support the observed corrosion performances in the neutral salt spray corrosion tests, where the 
iridescent appearance of the pH 2.0 and 3.0 permolybdate coatings was evident for significantly longer 
exposure times compared to the pH 5.0 permolybdate coating and the simple molybdate treatments. 
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8.4 Short Term Electrochemical Corrosion Tests (24 hours) 
Short term electrochemical corrosion tests were conducted afler 24 hours with the coated 
surfaces totally immersed in a quiescent 3. Swt. % NaCI solution using the linear polarisation method, in 
order to evaluate and rank the corrosion perfonnances of the passivated surfaces. The corrosion 
potentials were measured immediately prior to each LPR sweep. 'flie polarisation resistance and 
corrosion current densities were obtained using the method described by Bandy. 192 
8.4.1 Zinc-Nickel Alloy Electrodeposit 
When totally immersed for 24 hours the 'as-plated' zinc-nick-el alloy deposit achieved a corrosion 
performance (Table 6) where a corrosion current density of l2.6AACIjf2 and polarisation resistance of 
493.0. cin2 were obtained. Polarisation resistance can be considered as a measure of the corrodibility of a 
system, being inversely proportional to the corrosion rate The electrochemical measurements for 
the Zn-Ni alloy system are in agreement with this, indicating the relationship between a highly active 
surface as revealed by a low Rp value, and an associated high corrosion rate. 
8.4.2 Chromate Coating 
Overall, when comparing the corrosion performances (Table 6) of the two chromate treatments 
(30 and 120 sec), it was apparent the corrosion current densities and polarisation resistances were 
relatively equal, with values in the region of 0.7gAcnf2 and 14000fl. cm2 respectively. The 
measurements obtained from the electrochemical tests demonstrated the chromate surfaces were capable 
of substantial reductions in the corrosion rate compared with an'as-plated'zinc-nickel alloy deposit. 'Mis 
is consequently in good agreement with the neutral salt spray corrosion tests. After the 24 hour 
immersion in 3.5wt. % NaCI solution, the 120 sec chromate coating resulted in a slightly more positive 
corrosion potential, -968 mV(SCE) compared to - 10 12mV(SCE) for the 30 sec chromate coating. 
8.4.3 Simple Molybdate Coatings 
Generally, with increasing pH of the coating treatment (Table 6) it can be seen that for both 
immersed and cathodically polarised coatings the corrosion potential became more positive with respect 
to the 'as-plated! zinc-nickel alloy. The short term electrochemical corrosion tests revealed that for the 
two coating procedures, a minimum in the corrosion current densities occurred for both of the pH 5.5 
treatments (Figure 15), with i.,, values of 2.64 and 4.72gAcmý for the immersion and polarisation 
coatings respectively. Corrosion rates for both treatment procedures typically followed similar trends, 
although the values for the cathodicallY Polarised coatings were generally greater than those of the 
immersion coatings. It was evident that coatings resulting from the more acidic and neutral treatment 
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conditions, especially the pH 6.2 coatings, resulted in significantly inferior corrosion rates with respect to 
the'as-plated! zinc-nickel alloy deposit. 
The polarisation. resistances (Figure 16) for the two treatments procedures support the trends in 
behaviour observed for the corrosion rates and correlate well with the surface morphologies. The Rp 
values correspond to the overall integrity of the coatings, the higher the value the greater the integrity, i. e. 
the greater the resistance to corrosion. From figure 4 it is evident that the maximum polarisation 
resistances were associated with the pH 5.5 immersion and pH 6.0 polarisation coatings. Ilis is 
consistent with SEM examinations for the simple molybdate coated surfaces, which indicated that these 
coating had the most coherent surfaces with fine crack structures. 
'Me pH 3.0 simple molybdate coating treatments, primarily the cathodically polarised, produced 
visibly thicker coatings when examined by SEM, although the overall integrities of the coatings suffered 
due to the surfaces being coarse and extensively cracked in nature. Formation of coatings from the more 
acidic treatments would also be accompanied by increased zinc dissolution from the alloy deposit, 
causing an enrichment of the nickel content within the surface layer, thus perhaps explaining the increase 
in the'corrosion potential and corrosion rate with increasing acidity of the coating formulation. In 
contrast, the pH 6.2 treatments scarcely achieved a visible coating when examined by SEM. An 
incomplete or partial coating of the zinc-nickel alloy deposit would be insufficient to provide a barrier 
effect and any coating present would not be capable of protecting the uncoated regions. 
8.4.4 Permolybdate Coatings 
The short term electrochemical corrosion tests for the permolybdate coatings appear to support 
similar behavioural trends observed during the neutral salt spray corrosion tests and the potentiodynamic 
polarisation studies (Table 6, Figures 17 and 18). 'Me permolybdate coatings apparently have two 
contrasting corrosion performances over the investigated pH range of the treatment formulations. The 
pH range of the two behaviours would appear to be in agreement with the previous neutral salt spray 
corrosion tests and potentiodynamic polarisation investigations. The lowest corrosion rates appear to be 
associated with the coating treatments between pH 2.0 and 3.0, where as considerably higher corrosion 
current densities were apparent for the pH 4.0 and 6.0 permolybdate treatments (Figure 17). 
From the corrosion current densities, it would appear that a maximum corrosion rate for the 
permolybdate coatings resulted from the pH 5.0 permolybdate coating treatment, achieving an i., value 
of 12. IpAcm-2, a performance similar in magnitude to the 'as-plate& zinc-nickel alloy deposit. The 
corrosion potential (Table 6) and polarisation resistance (Figure 18) also indicated the pH 5.0 coating 
was the least effective after a 24 hour immersion in a quiescent 3.5wt. % NaCl solution. In contrast, a 
comparable simple molybdate coating produced from a pH 5.0 formulation would provide a corrosion 
performance close to the optimum for that particular coating system. 
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From the potentiodynamic polarisation. studies it has been proposed that the incorporation of 
different residual permolybdate species could effect the corrosion perfon-nance of the coatings. For 
permolybdate coating solutions within the pH 4.0 to 6.0 range, polymerisation of the permolybdate 
species would possibly be only partially complete, resulting in relatively unstable species, which when 
polarised could be easily reduced to the corresponding isopolymolybdate anion. Complete 
polymerisation is generally considered to be achieved below pH 4.5, although at pH 4.0 it could be still 
feasible for a number of stable and unstable species to co-exist and be present as residues within the 
coating at the same time. With increasing acidity of the coating formulation, the resultant coatings 
became visibly thicker in appearance, consequently the pH 5.0 coating would have a composition 
containing the greatest proportion of the unstable permolybdate species. The conversion of the residual 
permolybdate content would therefore contribute to the net overall corrosion current density, thus 
supporting the observed maximum corrosion current density for the pH 5.0 permolybdate treatment, i., 
would be increased by the extra cathodic activity. 
The coatings resulting from coating formulations between pH 2.0 and 4.0, may have 
incorporated within them structurally more stable permolybdate species such as [M07022(02)216-, which 
are possibly not immediately converted to the isopolymolybdate form, but have the capability of 
undergoing a reversible protonation reaction (Equation 8.2). The ability to remove hydrogen ions is of 
primary importance, as cathodic reactions (Equations 8.7 - 8.9) require hydrogen ions. 'Me protonation 
reaction will consume hydrogen ions -which would otherwise be used in the cathodic reactions to drive 
the corrosion processes. Ultimately, the removal of hydrogen ions has the effect of the retarding the 
cathodic processes and consequently lowers the measured corrosion current densities. 
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8.5 Long Term Electrochemical Corrosion Tests 
The short term electrochemical corrosion tests were successful in evaluating the relative 
corrosion performances of the various coated surfaces. However, corrosion is a progressive process, 
therefore the determination of corrosion rates after an immersion for 24 hours is limited and can only be 
used as an initial indication of the corrosion behaviour of a surface. Corrosion products will generally 
accumulate over the surface and depending whether the products form adherent or voluminous films, the 
corrosion processes will either be hindered or allowed to proceed. Long term electrochemical corrosion 
tests were undertaken with immersion times over several hundred hours, utilising the method described 
before for the short term electrochemical corrosion tests (Section 8.4). Surfaces were totally immersed in 
a quiescent 3.5wt. % NaCI solution. 
8.5.1 Zinc-Nickel Alloy Electrodeposit 
Tle observed corrosion behaviour for the 'as-plated' zinc-nickel alloy electrodeposit can be seen 
in appendix I and figures 19 to 21. Initially, the corrosion potential with immersion time (Figure 19) 
remained relatively constant at approximately -1000 mV(SCE), although an apparent slight shift to more 
negative potentials occurred during the first 45 hours. The corrosion potential indicated the 'as-plated' 
zinc-nickel alloy was relatively active during the first 50 hours of immersion, as a consequence of the 
sacrificial character of the alloy deposit. A sharp shift in potential was then evident in a noble direction 
achieving -800 mV(SCE) at 180 hours, whereupon any further change in potential became less dramatic. 
Ile pronounced positive shift in potential, indicated the surface became more noble, i. e. less active and 
thus increasingly protection was provided by means of physical exclusion. Ile ennoblement behaviour 
of zinc-nickel alloy has been attributed to a dealloying, or more specifically a dezincification 
process. 136.131 The selective dissolution of zinc from the coating surface is considered to increase the 
surface concentration of the more noble nickel component of the alloy, thereby causing a shift to more 
noble potentials with time. The marked increase in potential between 90 and 160 hours, was followed by 
a more uniform change for the remainder of the test suggesting that the dissolution of the zinc initially 
occurred at a high rate, but then decreased as the surface nickel concentration increased and the surface 
became less active in nature. White corrosion products were apparent over the surface after 20 hours, 
which became increasingly voluminous with time. Overall, the surface became dull and grey in 
colouration, with the first appearance of red corrosion products after 680 hours. 
The corrosion current density measurements (Figure 20) indicated that afler an immersion time 
of 20 hours, a region of high fluctuating/oscillating current density was apparent, lasting for 
approximately 140 hours. This resulted in an average ý.,, value of UpACmw2' corresponding to the 
highest activity associated with the active character of the alloy surface. The fluctuating nature of the 
current density suggests the dissolution processes were hindered, as a result of a continual accumulation 
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and break down of the zinc corrosion products at the surface. Corrosion rates were then observed to 
decrease sharply as a consequence of an ennoblement of the alloy surface. A second smaller maximum 
in corrosion current density was evident between 200 and 400 hours, resulting in an average value of 
2.4ptAcrný. This maximum could be due to further dissolution of the remaining zinc content from the 
alloy coating or possibly associated with the development of defects or channels within the alloy deposit, 
resulting in a limited sacrificial behaviour. The rate of dissolution processes were reduced as the alloy 
surface became increasingly more noble in character. After -400 hours the corrosion rate began to 
decrease and stabilise achieving an i,,,, value of -0.5gAcrn2. Overall, with increasing immersion time it 
was evident that the active behaviour of the zinc-nickel alloy deposit diminished as a consequence of 
both the ennoblement and accumulation of corrosion products over the surface. Subsequently, after 400 
hours protection was achieved predominately by means of physical exclusion. 
Tic polarisation resistance of the 'as-plate& zinc-nickel alloy electrodeposit over time (Figure 
21) indicated a period of low resistance within the first 100 hours, with an average Rp value of 
189fflcmý, supporting the suggested active behaviour, where the selective dissolution of zinc was 
initially high due to the active nature of the surface. The polarisation resistance generally increased 
between 75 to 100 hours, as the protection provided by the sacrificial capability became increasingly less 
effective. Protection was then dominated by the barrier effect, provided by the combination of the 
ennoblement of the nickel content at the surface and the formation of corrosion products. A maximum in 
the polarisation resistance was obtained after 526 hours achieving an Rp value of 15908Qcm2. The 
maximum corresponds to the greatest level in protection the zinc-nickel alloy deposit could provide by 
physical exclusion i. e. creating a barrier to corrosion. With continued immersion of the zinc-nickel alloy 
deposit, the barrier effect became insufficient to provide protection, as indicated by the decreasing 
polarisation resistance after 526 hours. Once the maximum polarisation resistance was reached, the Rp 
values decreased rapidly over the following 200 hours, coinciding with the first appearance of red 
corrosion products (very small red rust spots). The Rp remained relatively high at -800MCM2 due to the 
barrier effect provided by the growth and accuniulation of red corrosion products over the surface. 
8.5.2 Chromate Coating 
The long term corrosion performance of the iridescent chromate coating (30sec immersion 
treatment) can be seen in appendix 2 and figures 22 to 24. The corrosion potential was observed to 
gradually increase with immersion time (Figure 22), although it was apparent the potential tended to 
oscillate slightly over the short term. No pronounced shift in potential was apparent, suggesting 
ennoblement of the surface occurred progressively with no sudden change in surface behaviour compared 
with the as-plated'zinc-nickel alloy deposit (Figure 19). 
'Me corrosion current density with time (Figure 23) indicated an average of 0.96pAcin-2 for the 
first 50 hours, followed by an apparent sharp decrease in the corrosion rate, thereafter the current density 
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tended to fluctuate between 0.2 - 0.6pAcmý for the remainder of the test. The corrosion behaviour of 
the chromate coating revealed significant differences in corrosion performance in comparison with the 
'as-plated! zinc-nickel alloy electrodeposit. The corrosion rate was considerably lower throughout the 
first 50 hours and was consistently superior up to an immersion time of 500 hours. Visually the 
iridescent surface finish of the chromate coating was observed to become increasingly dull in appearance 
in the initial 200 hours. The surface eventually became grey in colouration, with small black spots 
increasingly evident over the entire surface after an immersion time of 500 hours. 
Similarly, the polarisation. resistance (Figure 24) revealed a large increase from 7565 to 
382440cm2 within the first 120 hours of immersion, indicating a considerable rapid improvement in the 
barrier effect of the chromate coating. Large fluctuations in the Rp values were apparent over the 
following 400 hours, possibly as a consequence of the coating alternatively undergoing deterioration and 
subsequent repassivation due to the self-repair capability provided by the residual hexavalent chromium 
content. 'Me active nature of the coating corresponds with observations of the iridescent surface finish 
becoming dull and grey. After an immersion time of 500 hours the polarisation resistance generally 
2 became more stable, with values averaging approximately 175000cm . Suggesting, the 
hexavalent 
chromium residue had been depleted, resulting in a loss of the'self-healing! capability and thus corrosion 
resistance was now provided solely by the barrier effect. However, considerable protection was 
nevertheless further achieved by the chromate coating, with red corrosion products not evident until 
approximately 1200 hours, where the formation of small red spots gradually developed and covered the 
surface. 
8.5.3 Simple Molybdate Coating 
The observed corrosion behaviour of a simple molybdate coating (PH 5.5,300sec immersion 
treatment) can be seen in appendix 3 and figures 25 to 27. Ile corrosion potential for the simple 
molybdate coating with immersion time (Figure 25) revealed a behaviour similar to the 'as-plated' zinc- 
nickel alloy deposit. Initially, during the first 100 hours the potential became more negative in response 
to the surface becoming active, resulting in the dezincification of the underlying zinc-nickel alloy. The 
potential was then observed to shift sharply in the positive direction to approximately -800mV(SCE), an 
indication that the surface was increasingly providing protection by means of physical exclusion i. e. the 
contribution provided by the sacrificial behaviour of the zinc-nickel alloy was diminished due to the 
ennoblement of the zinc alloy. After 200 hours, fiirther changes in the corrosion potential became more 
gradual. 
The corrosion current density with time (Figure 26) revealed the presence of two distinct 
p rný n maxima, firstly between 24 to 168 hours, achieving a maximum ir., value of 4.7 Ac at 73 hours, ad 
secondly between 217'and 333 hours which resulted in a lower corrosion current density of 1.5gAcmý. 
The first maximum coincides with the initially active character of the surface, with the decrease in 
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corrosion rates between 96 and 168 hours resulting from the ennoblement phenomenon. The iridescent 
surface finish of the simple molybdate coating was observed to become progressively dull within this 
time, a white filin eventually covered the entire surface. However, the appearance of voluminous 
corrosion products were diminished in comparison with the 'as-plated! zinc-nickel alloy. Also, no 
I)Iistering' of the simple molybdate coating was evident during the total immersion test compared with 
the neutral salt spray corrosion tests. The second smaller corrosion current maximum could be 
associated with the dissolution of the remaining zinc content from within the alloy coating or possibly 
due to the development of defects or channels within the alloy deposit, resulting in a limited sacrificial 
behaviour. With prolonged immersion times the initial active behaviour of the coating appeared to 
diminish and protection was principally achieved by a barrier effect. The presence of a simple 
molybdate coating would appear to have initially delayed the dezincification of the zinc-nickel alloy 
deposit and generally reduced the overall corrosion current density, by creating a barrier, thus hindering 
the dissolution processes. 
The polarisation resistance with time (Figure 27) for the simple molybdate coating indicated a 
period of low resistance for the first 100 hours of immersion, associated with the selective dissolution of 
zinc from the alloy electrodeposit. 'Mis was followed by a pronounced increase in the Rp values, 
corresponding to the corrosion behaviour being progressively dominated by physical exclusion, as the 
coating became increasingly more noble due to both the ennoblement and growth of corrosion products. 
A region of maximum polarisation resistance was obtained between 300 to 600 hours, achieving an 
average Rp value of -78900cmý. A shift to lower Rp values was then observed indicating the coating 
was becoming less effective as a barrier, consequently the first appearance of red corrosion products 
were evident after 720 hours. 
8.5.4 Comparison in Long Term Corrosion Behaviour 
Comparisons between the 'as-plated' zinc-nickel alloy electrodeposit, the chromate coating and 
simple molybdate coating are shown in figures 28 to 30. Comparing the corrosion potential behaviours 
over several hundred hours (Figure 28) revealed that the 'as-plated' zinc-nickel alloy electrodeposit and 
simple molybdate coating were both similar, with an initial decrease in -the E., followed by a 
pronounced shift in the positive direction to approximately -8OOmV(SCE). The potentials then gradually 
increased, eventually reaching corrosion potentials between -620 and -650mV(SCE). Tle trends in 
corrosion potential for the chromate coating indicated a more uniforin increase with immersion time, 
with no pronounced changes in potential evident. However, the potential within the first 100 hours 
immediately increased in the positive direction, suggesting initially within the first few hours of 
immersion the chromate surface became ennobled at an accelerated rate in comparison with the zinc- 
nickel alloy and simple molybdate surfaces. With the alloy deposit undergoing markedly less 
deterioration, a superior barrier for physical exclusion was achieved, 
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Direct comparisons between the corrosion current densities (Figure 29) showed, overall, within 
the first 400 hours of immersion similarities in behaviour were apparent for the three surfaces. Ile 
simple molybdate coating could be seen to mirror the corrosion behaviour of the as-plated zinc-nickel, 
although at reduced rates. The simple molybdate coating appeared to be capable of providing a 
moderate barrier effect partially limiting the active behaviour of the underlying alloy deposit especially 
during the initial 50 hours, possibly as a consequence of the simple molybdate coating assisting in the 
adhesion of corrosion products over the surface (preventing the continual formation and breakdown of 
the white film). Tle chromate coating in comparison had markedly superior corrosion current densities 
over the same 400 hour duration. However, the general trends present in the corrosion current density 
for the 'as-plated' zinc-nickel were distinguishable for the chromate coating, i. e. two maxima were 
evident at 46 and 200 hours, indicating the coating was subject to similar dissolution processes, although 
at a much reduced levels. This supported the visual deterioration of the iridescent surface finish and the 
corrosion potential. 
Comparing the polarisation resistance measurements (Figure 30) revealed the markedly superior 
performance of the chromate coating during the first 500 hours. Although significant fluctuations in Rp 
were evident due to a possible repassivation of active areas by the hexavalent chromium content within 
the coating, thereby resulting in the formation of an extremely good barrier. The polarisation resistance 
for the 'as-platcd! zinc-nickel alloy and simple molybdate coating both were observed to follow similar 
trends, supporting the proposed moderate barrier effect of the simple molybdate coating. 
8.5.5 Heteropolymolybdate Coatings 
Examination of the long term electrochemical corrosion behaviours, for the silicomolybdic acid 
and phosphomolybdic acid (HN03 stabilised) coating treatments are shown in appendices 4 and 5, and 
figures 31 to 36. 
initially, on immersion, the corrosion potentials for both heteropolymolybdate coatings (Figures 
31 and 34) immediately became more noble, as revealed by the sharp increase in potential. In each case, 
immersion times between 50 to 150 hours resulted in a corrosion potential of -850mV(SCE). Visually, 
the surfaces were observed to become covered with voluminous zinc corrosion products after only 5 
hours. The accelerated change in corrosion potential to more noble potentials in comparison with the'as- 
plated zinc-nickel alloy deposit and an iridescent chromate coating (Figures 19 and 22), suggests the 
ennoblement of the alloy deposit initially occurred at a much higher rate. This was possibly as a 
consequence of the acidic nature of the heteropolymolybdate formulations, resulting in significant zinc 
dissolution from the alloy deposit during the coating treatment. 'Me corrosion potential for the 
silicomolybdic acid coating gradually increased, eventually achieving a potential of -647mV(SCE) after 
315 hours. In comparison, the phosphomolybdic acid coating treatment had a relatively stable corrosion 
potential between 150 and 250 hours, associated with continued zinc dissolution from the alloy deposit 
or possibly due to the development of defects or channels within the alloy depositý resulting in a limited 
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sacrificial behaviour. No 'blistering! of the coatings was apparent over the duration of the test compared 
with the neutral salt spray corrosion test. The first appearance of red corrosion products was evident 
after only 362 and 400 hours, respectively for the silicomolybdic and phosphomolybdic acid treatments. 
The corrosion current density with inunersion time for the silicomolybdic acid coating (Figure 
32) revealed initially a very high corrosion rate of 12.8gAcm72, which decreased rapidly to -2. OpAcmý 
after 50 hours. Thereafter the current density tended to stabilise, achieving an average value of 
-I. OpAcmý for the remainder of the test. 'Me marked decrease in the corrosion rate within the first 50 
hours suggests the dissolution of the zinc from the alloy deposit occurred initially at a high rate, 
decreasing rapidly as the active character of the surface became diminished due to the increasing 
ennoblement. After an immersion time of 150 hours, protection was primarily a barrier effect, provided 
by the ennoblement and accumulation of corrosion products over the surface. Similarly, the polarisation 
resistance with immersion time (Figure 33) revealed that the Rp increased from 714 to 3500f2cin. 
2 within 
the first 50 hours of immersion, followed by a generally slower increase to a maximum of 5984f2crn2 at 
362 hours, which coincided with the first appearance of red corrosion products. Overall, the 
silicomolybdic acid treatment gave an inferior corrosion performance compared with the simple 
molybdate coating. It would appear that once the initial active behaviour of the surface was depleted, 
little protection was afforded, as the voluminous nature of the white corrosion products provided an 
ineffective barrier. I 
The corrosion current density for the phosphomolybdic acid coating (Figure 35) revealed the 
presence of two maxima. Achieving an initial maximum after 72 hours of 3.9liAcm -2 , as a consequence 
of an active behaviour resulting in zinc dissolution. This was followed by a second slightly larger 
maximum of UpAcmý at 242 hours, possibly associated with the development of defects or channels 
within the alloy deposit, resulting in a limited sacrificial behaviour. After 250 hours the current density 
generally became lower, an average ý,, value of 0.76gAcmý was subsequently achieved after 350 hours. 
The active character of the surface was completely diminished after 350 hours, the resultant coating 
structure appeared to be incapable of providing sufficient protection by physical exclusion, resulting in 
the immediate formation of red corrosion products. Similarly, the polarisation resistance (Figure 36) 
indicated a relative active period, with an average Rp of 3577flcrný up to an immersion time of 350 
hours. A pronounced increase in Rp to a maximum of 9502flcm2 was then apparent, followed by a 
gradual decrease, supporting the explanation, that continued zinc dissolution occurred and once the active 
period ceased the coating failed due to an insufficient barrier effect. 
8.5.6 Cerium-based Coatings 
8.5.6.1 Cerium Chloride / Cerium Nitrate Coating Treatment 
- The observed long term electrochemical corrosion behaviour for the CeCI3/Ce(NO3)3 Coating 
treatment can be seen in appendix 6 and figures 37 to 39. The corrosion potential (Figure 37) on 
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immersion was initially at a slightly more positive potential than for the 'as-plated' zinc-nickel alloy 
deposit, indicating the coating treatment had caused a partial ennoblement of the surface. The prolonged 
treatment times at elevated temperatures could have resulted in the selective dissolution of an appreciable 
quantity of zinc from the alloy electrodeposit, resulting in the initiation of the ennoblement phenomenon. 
Over the initial 50 hours of immersion, the corrosion potential became increasingly more noble, 
suggesting the ennoblement was completed rapidly. Consequently, the barrier effect increasingly became 
the principle means of corrosion protection. Visually, the formation of voluminous white corrosion 
products was evident at 10 hours, with the red rusting apparent after approximately 400hours. 
The corrosion current density with immersion time (Figure 38) revealed an initial corrosion rate 
of 4. OpAcm72, which decreased rapidly to 1.3pAcmý within 20 hours due to increasing ennoblement of 
the surface, and also from the accumulation of corrosion products, thus hindering the dissolution 
processes. A second maximum was apparent after 200 hours achieving an i..... value of 2.5pAcrn72, 
associated with the dissolution of the remaining zinc from the alloy deposit or subsequent sacrificial 
protection of the underlying substrate. I'liercafter the corrosion current density decreased as the active 
behaviour of the coating diminished, consequently, after 357 hours the surface was providing protection 
solely as a barrier The resultant physical exclusion appeared to be insufficient to provide effective 
protection, with red corrosion products observed after only 400 hours. 
The polarisation. resistance with immersion time (Figure 39) indicated an initial rapid increase 
from 1713 to 49000cmý in the first 45 hours, as a consequence of the accelerated ennoblement of the 
surface. A maximum polarisation resistance was observed after only 357 hours at 7634flcm2, once 
achieved the Rp values began to decrease as red corrosion products developed over the surface. In 
principle it would appear that the CeC13/Ce(NO3)3 coating treatment removed appreciable amounts of 
zinc from the alloy electrodeposit, reducing the initial active behaviour. The barrier forming capabilities 
of the surface were subsequently reduced, thus the coating could not provide an effective means of 
physical exclusion. 
8.5.6.2 Immersion / Anodic Surface Modification Treatment 
The long term electrochemical corrosion behaviour for the cerium-based immersion/anodic 
surface modification treatment can be seen in appendix 7 and figures 40 to 42. On immersion, a 
considerably more noble corrosion potential (Figure 40) was clearly apparent at -768 mV(SCE), 
compared with the 'as-plated'zinc-nickel alloy deposit. The corrosion potential generally increased with 
time, achieving a value of -630mV(SCE) after only 191 hours. Visually, red rust was apparent over the 
coated surface within 150 hours, white corrosion products were not observed to form in any quantity. It 
can be concluded that the additional anodic modification treatment removed the majority of the zinc 
from the alloy deposit. Hence protection was ultimately provided by the effectiveness of the physical 
exclusion. 
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The corrosion current density with immersion time (Figure 4 1) revealed an initial maximum 
corrosion rate of 2.4gAcm-2 for the coating. A second maximum at 100 hours of 2.2AAcm-2 was 
followed by a decrease in i., with the first appearance of red corrosion products within 150 hours. 
Similarly, the polarisation resistance over time (Figure 42) indicated an initial average of 
23680cm2 in the first 50 hours. Overall, the Rp gradually decreased with immersion time. Although the 
Rp indicated the surface to be active, the development of white corrosion products was markedly 
reduced, thus supporting the idea of zinc removal from the alloy deposit by the coating treatment. 
8.5.6.3 Cerium Chloride / Hydrogen Peroxide Treatment 
The long term electrochemical corrosion behaviour for the cerium chloride/hydrogen peroxide 
coating treatment can be seen in appendix 8 and figures 43 to 45. Initially, the corrosion potential with 
time (Figures 43) remained relatively stable at -1010mV(SCE) for the first 75 hours. This was followed 
by a progressive increase to more noble potentials over the following 500 hours. Generally, no marked 
increases in potential were apparent. Compared with the 'as-platedý zinc-nickel alloy deposit it would 
appear the coating retained its active character for an extended period. A time of 400 hours was taken to 
achieve a corrosion potential of -800mV(SCE), as opposed to 170 hours for the 'as-plated! alloy deposit. 
This suggests the ennoblement of the CeCI3/H202 coated surface was significantly slower and as a 
consequence the surface was active for a prolonged time, subsequently resulting in the increased 
fortnation of white corrosion products. Visually, the golden surface finish of the CeCl3/H202 coating 
quickly became tarnished and voluminous white corrosion products were apparent after only 10 hours, 
with the formation of red rusting evident after -600 hours. 
T'he corrosion current density measurements (Figure 44) revealed a sharp increase from 0.38 to 
7.61iAcrný within the first 20 hours of immersion, signifying the corrosion performance of the coating 
deteriorated rapidly from an apparently effective barrier to one with relatively high corrosion rates. The 
current density decreased sharply over the next 25 hours to 2.5liAcni72, suggesting the accumulation of 
corrosion products partially hindered the zinc dissolution processes. The current density remained 
relatively constant over the following 350 hours at an average of 2.4gAcm2. A slight maximum in i,,., 
was then evident, achieving a value of 3.3pAcmý, possibly associated with the development of defects or 
channels within the alloy deposit, thus providing in a limited sacrificial behaviour. The current density 
then decreased to between 0.4 to 0.6pAcmý after an immersion of 600 hours, coinciding with the first 
appearance of red'corrosion products. Overall, the CeC13/H202 coating remained active for the first 350 
hours, it would appear that the ennoblement occurred at a reduced rate in comparison with the 'as-plated' 
zinc-nickel alloy deposit resulting in the progressive development of voluminous white corrosion 
products. The increased formation of corrosion products, resulted in the development of a poor barrier 
effect. Hence, when the active behaviour was diminished, little or no overall protection was provided 
and as a consequence the formation of red corrosion products were evident after -600 hours. 
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Similarly, the polarisation resistance with time (Figure 45) indicated a sharp decrease in 
resistance from 15169 to 1400f)cmý during the initial 20 hours of immersion, suggesting the coating 
initially had good integrity, which rapidly deteriorated, resulting in a decrease in corrosion performance. 
in general, the R. value averaged -37009)cm2 over the following 500 hours, significantly lower 
compared with the 'as-plated! zinc-nickel afloy deposit, indicating the CeC13/H202 coated surface 
remained active for an extend period, resulting in the formation of an ineffective barrier. Ile 
polarisation resistance increased sharply after 500 hours, achieving a maximum of 13437! Qcmý at 623 
hours, after the Rp decreased rapidly, with an associated first appearance of red rusting, indicating that 
once the coating could no longer provide a sacrificial capability to the substrate, the resultant physical 
exclusion was insufficient to prevent the formation of red rust. 
8.5.7 Permolybdate Coatings 
Long term electrochemical corrosion behaviour for the permolybdate coatings (pH 2.0,3.0 and 
5.0 immersion treatments) can be seen in appendices 9 to II and figures 46 to 54. 
The corrosion potential with immersion time (Figures 46,49 and 52) indicated the permolybdate 
coatings all had similar trends. The potentials tended to increase steadily over the first 300 hours 
immediately to more noble potentials, achieving approximately -75OmV(SCE). There appeared to be no 
initial decrease in potential, as observed for the'as-plated' zinc-nickel alloy deposit and simple molybdate 
coating, which has been attributed to a period of activity associated with the selective dissolution of zinc 
from the alloy deposit, due to an initial surface deterioration. With increasing immersion times, the 
potentials appeared to generally drift slightly in the positive direction, becoming relatively stable for the 
remainder of the test. 
The corrosion current density measurements with time (Figures 47,50 and 53) indicated two 
different corrosion behaviours depending on the permolybdate coating treatment. This was consistent 
with the observed corrosion behaviours, of the permolybdate coatings when subjected to neutral salt spray 
and short term electrochemical corrosion tests (Section 8.2 and 8.4). The pH 5.0 permolybdate coating 
produced a corrosion performance with two distinct maxima, which is similar in behaviour to a simple 
molybdate behaviour. The first maximum occurred almost immediately within 24 hours of immersion, 
achieving an iff value of 5.8pAcm2, suggesting an initial high level of activity, resulting in the 
dezincification of the alloy deposit. The simple molybdate coating gave a corresponding behaviour, 
although the period of maximum activity was delayed until 72 hours. The second less prominent 
maximum at 240 hours of 1.71iAcmý could correspond with the development of defects or channels 
within the alloy deposit, resulting in a limited sacrificial behaviour. Visually, the iridescent nature of the 
pH 5.0 perniolybdate coating deteriorated relatively quickly, white corrosion products were apparent 
after 40 hours, with the first appearance of red rusting at 650 hours. Overall, the pH 5.0 coating could be 
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considered to be a moderate barrier to corrosion, with a corrosion behaviour slightly inferior than the 
simple molybdate coating. 
'Me mor 
'e 
acidic pH 2.0 and 3.0 permolybdate coating treatments, achieved in contrast, superior 
corrosion behaviours, instead of a corrosion performance similar to a simple molybdate coating as with 
the pH 5.0 treatment. The corrosion current density for the pH 2.0 and 3.0 coatings generally decreased 
on immersion from a maximum of 2.0 and 2.7gAcm72 respectively. A behaviour reminiscent of a 
, chromate'-type trend, although the performances of the pH 2.0 and 3.0 permolybdate coatings were at 
slightly reduced levels of protection. The corrosion current density for both coatings decreased with 
immersion time, resulting in i,., values of 0.9 to 1.3pAcrriý at 200 hours, and 0.3 to 0.5gAcm72 after 400 
hours. Over the duration of the corrosion tests, the appearance of white corrosion products was 
considerably reduced. Ile iridescent finishes of the permolybdate coatings appeared to sustain less 
deterioration and the iridescent surface appearances were still visible after extended immersion times of 
-200 hours. In comparison, the molybdate coatings tended to deteriorate and became dull in appearance 
within the first 50 hours. 
'Me polarisation resistance with immersion time (Figures 48,51 and 54) for the three 
permolybdate coatings also showed two contrasting behaviours. Ile Rp for the pH 5.0 permolybdate 
coating closely resembled the simple molybdate coating behaviour with a period of low resistance during 
the first 75 hours of immersion, associated with an active period as a consequence of selective zinc 
dissolution. Ile polarisation resistance then increased with the ennoblement of the surface resulted in a 
maximum value of 10625f)cm2 at 412 hours. After the initial active behaviour, the corrosion 
perfortnance was dominated primarily by physical exclusion. Once a maximum was achieved, the Rp 
dramatically decreased over a period of 48 hours, suggesting the physical exclusion could not be 
sustained, hence the first appearance of red rusting was observed after 650 hours. The polarisation 
resistances for the pH 2.0 and 3.0 permolybdate coatings, unlike the pH 5.0 coating, on immersion 
immediately increased from an initial Rp of approximately 1300(lcmý, achieving maxima of 1172M=2 
and 1391 10=2 respectively, suggesting that during the initial period after immersion, the surfaces 
became less active with only limited zinc dissolution occurring. The pH 2.0 coating, after an immersion 
for 450 hours, produced a polarisation resistance which gradually decreased for the remainder of the test. 
The first appearance of red corrosion products was not apparent until just before 1000 hours. The 
polarisation resistance for the pH 3.0 permolybdate coating in comparison behaved slightly differently. 
The Rp tended to fluctuate with an average 12770flcm2 for 300 hours after the initial maximum at 434 
hours. After this Rp values generally decreased. Red corrosion products were not evident until 
approximately I 100 hours. It was apparent that the barrier effect of the pH 2.0 and 3.0 permolybdate 
coatings played a more prominent role in the corrosion behaviour. With the active behaviour initially 
reduced, less deterioration of the surfaces occurred, especially for the pH 3.0 pen-nolybdatc coating. 'Me 
coatings could subsequently provide an effective physical exclusion over extended immersion times. 
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Consequently protection was dominated by the barrier effect provided by the surfaces, however, at 
reduced levels compared to the iridescent chromate coating. 
8.5.7.1 Comparison of Corrosion Behaviour 
Figures 55 to 57 show direct comparisons between a simple molybdate coating (PH 5.5,300sec 
immersion), a permolybdate coating (pH 3.0,300sec immersion) and an iridescent chromate coating 
(30sec immersion). 
Comparing the corrosion potentials (Figure 55) revealed the permolybdate coating had a number 
of characteristics common to both the simple molybdate and chromate coatings. Initially on immersion, 
the corrosion potential immediately began to increase to more noble potentials, indicating an inu-nediate 
reduction in the active behaviour resulting in only a limited dissolution of zinc, similar to the iridescent 
chromate coating performance. However, the corrosion potential for the permolybdate coating 
eventually, after 200 hours, was comparable with that of a simple molybdate coating, although over 
extended immersion times the potential was generally slightly less noble. 
Direct comparisons between the corrosion current densities (Figure 56) confirmed the pH 3.0 
permolybdate coating had a 'chromate'-type behaviour, as opposed to a simple molybdate. It was 
apparent that the permolybdate coating was capable of providing lower corrosion rates, although at a less 
effective level of protection compared with the chromate coating. Similar corrosion behaviours 
supporting the long term electrochemical findings were observed for the neutral salt spray and short-term 
electrochemical corrosion tests (Sections 8.2 and 8.4). The proposed incorporation of residual 
permolybdate species within the more acidic coating treatments, could possibly hinder or retard the 
cathodic reactions as described in section 8.3, thereby facilitating the formation of zinc hydroxides, and 
basic zinc salts which are generally considered to play an important role in the corrosion resistance of 
zinc. If active areas within the permolybdate coatings were then capable of being protected with an 
adherent zinc hydroxide layer, then the corrosion would proceed at a much reduced rate. 
comparisons between the polarisation resistances with immersion time (Figure 57) revealed the 
behaviour of the permolybdate coating was consistently superior than the simple molybdate, especially 
after 400 hours. However, the permolybdate performance was still inferior to the iridescent chromate 
coating over the first 500 hours. Although, once the corrosion behaviour was dominated solely by the 
barrier effect the permolybdate and chromate coatings had comparable average performances, whereas 
the simple molybdate coating had considerably lower Rp values suggesting a less effective barrier. 
8.5.8 Permanganate Coating 
The long term electrochemical corrosion behaviour of the permanganate coating (pH 2.2,300sec 
immersion treatment) can be seen in appendix 12 and figures 58 to 60. The corrosion potential with 
immersion time (Figure 58), indicated only a slight increase to more positive potentials during the first 
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171 hours, suggesting the surface remained active with the consequence of continued zinc dissolution 
during this time interval. Ennoblement of the surface only occurred after -190 hours, associated with a 
relatively rapid increase in corrosion potential to -800mV(SCE) over the following 100 hours. 
Tbereafter, the change in potential gradually decreased, eventually achieving a limit of -680mV(SCE). 
Visually, the iridescent surface fniish deteriorated rapidly, with the formation of white corrosion products 
after only 30 hours, which became extensively voluminous in nature. The first appearance of red 
corrosion products were apparent after 650 hours. 
Similarly, the corrosion current density measurements (Figure 59) revealed a relatively sharp 
increase in i,,, to a maximum at 171 hours of 7.3pAcm72, corresponding with a period of high activity, 
with the resultant formation of voluminous white corrosion products. After 200 hours the current density 
decreased as the ennoblement progressively reduced the activity of the surface. Consequently, protection 
was thus increasingly being provided by both a ennoblement effect and the accumulation of corrosion 
products. A second less pronounced maximum was evident between 300 and 400 hours, achieving an 
i., value of 3.7pAcm72, possibly associated with the surface providing sacrificial protection to the steel 
substrate. After an immersion time of 400 hours the current density generally stabilised, with an average 
current density of 0.85pAcm72. 
The polarisation resistance of the permanganate coating with time (Figure 60) indicated a 
decrease in Rp value from 2252 to 95 1 f2cm 2 during the initial 171 hours of immersion, consistent with 
the high activity, associated with the development of voluminous corrosion products. The presence of 
the permanganate coating would appear to have delayed the ennoblement processes, allowing the surface 
to remain active for a prolonged period, thus resulting in extensive zinc dissolution. This is in good 
agreement with the neutral salt spray findings (Section 8.2), which revealed an extensive development of 
voluminous white corrosion products on permanganate coated samples. After 200 hours the polarisation 
resistance began to increase gradually, initially achieving an average value of 361 If2cm2 between 240 
and 340 hours, before increasing to a maximum of 9736Dcm2 at 435 hours. Thereafter, the Rp generally 
decreased, although it remained relatively high at -8000f2cný due to the physical exclusion provided by 
the accumulation of the white corrosion products and eventually those resulting from red rusting. 
The observed corrosion behaviour may possibly be related to the incorporation during the 
coating formation of a munber of manganese species. In acidic permanganate solutions such as for the 
coating formulation employed, the Mn04 species can be reduced to Mn(II) by an excess of a reducing 
agent such as in reaction (8.10). _ 
N 
Mno-4 + 8H+ + 56' - Mn2+ + 4H20 (8.10) 
However, if present 
MnO-4 has the ability to oxidise Nb(II) to N4nO 2.65 
2 MnO; + 3Mn2+ + 2H20 5 MnO2 + 4H+ 
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if a coating mechanism similar to a chromate coating is considered for the permanganate 
treatment. The evolution of hydrogen, accompanying the zinc dissolution reaction, at the metal-solution 
interface could be capable of reducing permanganate to Mn(II), as in reaction (8.10), leading to the 
precipitation of a mixed oxide, subsequently entrapping a residual amount of the permanganate within 
the coating. 
The reaction (8.11) suggests the residual pertnanganate component of the coating could oxidise 
the Mn(Il) to Mn(IV) (MnO2). However, this would have the effect of increasing the acidity within the 
coating surface, as a consequence of the formation of hydrogen ions. The increased acidity will thus 
increase the active character of the surface, leading to greater zinc dissolution of the zinc-nickel alloy 
deposit hence giving a possible explanation for the electrochemical behaviour and the extensive 
development of white corrosion products. 
8.5.9 Molybdate-based / Permanganate 'Single Solution' Coating Treatments 
Examination of the long term electrochemical corrosion behaviour of the molybdate-based/ 
permanganate 'single solution! coating treatments can be seen in appendices 13 to 15 and figures 61 to 
69. 
8.5.9.1 Molybdate / Permanganate 'Single Solution' Coating 
The corrosion potential with immersion time (Figure 6 1) for the molybdate/permanganate 'single 
solution! treatment (pH 3.0,300sec immersion) immediately became more noble, from an initial 
potential of -1080mV(SCE). The potential increased at a relatively uniform rate to -820mV(SCE) within 
300 hours, after which the change in potential decreased, i. e. the potential was observed to increase by 
100MV over the next 300 hours. Overall, the corrosion potential generally increased with immersion 
time, there were no pronounced increases as seen for a number of other molybdate-based coating 
treatrnents. Visually, the surface finish deteriorated rapidly with the formation of voluminous of white 
corrosion products after only 20 hours. The first appearance of red corrosion products were apparent 
after 620 hours. 
The corrosion current density with time (Figure 62) indicated a maximum of 7.4pAcm72 was 
obtained after 48 hours. The presence of the PcrManganate content within the coating treatment appeared 
to have a detrimental effect by increasing the initial active behaviour of the surface, as observed for the 
permanganate coating (Figure 59). The corrosion rate, over the following 100 hours decreased sharply, 
due to both the increasing ennoblement of the surface, as well as the accumulation of corrosion products. 
A second less obvious maximum can be distinguished between 300 and 600 hours, with an average 
current density of I. OpAcm2, possibly associated with the surface providing sacrificial protection to the 
underlying steel substrate. 
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The polarisation resistance for the molybdate/pen-nanganate coating (Figure 63) indicated for the 
first 100 hours a period of high activity. 'Me Rp then increased as a consequence of the accumulation of 
voluminous corrosion products over the surface and the ennoblement phenomenon, to a maximum of 
1410fflcmý at 700 hours. However, the first appearance of red rusting was evident after 620 hours, 
consequently, the dissolution processes appeared to be hindered due to the increased physical exclusion. 
8.5.9.2 Permolybdate / Permanganate 'Single Solution' Coating 
For the dual permolybdate/permanganate single solution treatment, immersion times of 300 and 
900 seconds were utilised4 due to the slow formation of coatings in this treatment solution. 
For the 300sec treatment the corrosion potential (Figure 64) increased gradually to more noble 
potentials with immersion time achieving, from an initial potential of -1087mV(SCE), a potential of 
approximately -800mV(SCE) after 411 hours. This suggests the active character of the surface was 
prolonged, thus the ennoblement phenomenon occurred at a reduced rate, in comparison with the 
molybdate/permanganate 'single solution' coating. Visually, the appearance of the white corrosion 
products occurred after 30 hours, although less voluminous in comparison with the molybdate/ 
pcrmanganate 'single solution' coating. 'Me first appearance of red rusting was observed after an 
immersion time of -700 hours. 
The corrosion current density with immersion time (Figure 65) revealed an initial decrease in the 
corrosion rate from 2.9pAcm-2 during the first 48 hours, followed by a pronounced increase to a 
maximum L., r value of 3.2pAcm72 between 75 and 217 hours, associated with the active behaviour of the 
surface due to the selective dissolution of zinc. The current density then decreased, as a consequence of 
ennoblement. Afier 300 hours, the i,., tended to fluctuate between 1.5 to 0.7p-Acmý, however, the 
general trend was towards lower corrosion rates, which eventually achieved a value of UgAcmý. 
The polarisation resistance with time (Figure 66) indicated an initial period of activity during the 
first 200 hours of immersion, with Rp remaining relatively low at -2000flcmý. TIC polarisation 
resistance then began to increase over the following 500 hours, resulting in a maximum at -700 hours of 
I 16000cmý, shortly after the first appearance of red rusting. The relatively slow increase in Rp suggests 
that ennoblement occurred at a reduced rate, consequently the surface remained active for an extended 
immersion time, resulting in the development of an ineffective barrier. Once protection was solely 
provided by a barrier effect, it proved incapable of preventing the formation of red corrosion products. 
Similarly, the corrosion potential for the 900sec treatment (Figure 67) increased from an initial 
potential of -1074MV(SCE) to -800mV(SCE) within 500 hours. However, even though the corrosion 
potential indicated the active character of the surface only diminished slowly, the appearance of white 
corrosion products was considerably reduced in comparison with the 300sec treatment. "Me gradual 
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increase in corrosion potential indicated a reduced rate of ennoblement. Red corrosion products were not 
apparent until approximately 1000 hours. 
The corrosion current density with immersion time (Figure 68) generally decreased from an 
initial value of 2.0liAcm2, achieving 0.5gAcnf2 after 500 hours. Generally, smaller fluctuations in 
current density were apparent with no pronounced changes in i., evident. Ile corrosion current density 
with immersion time was similar in character to the pH 2.0 permolybdate coating (Figure 47), achieving 
a'chromate'-tyPe corrosion performance. 
'Me polarisation resistance with immersion time (Figure 69) indicated a generally slow increase 
in the RP values over the initial 300 hours, from an initial average of 20000=2 to approximately 
4000f2cmý- This suggests the active character of the surface diminished slowly over this time period. A 
significant change in polarisation resistance was not apparent until an immersion time of 400 hours, 
achieving in the following 400 hours an increase to approximately 14000flcm2. 
8.5.10 Molybdate-based / Permanganate'Two Solution' Coating Treatments 
The long term electrochemical corrosion behaviour was observed for the 'two solution' coating 
treatments, involving alternate immersion treatments in molybdate-based (molybdate or permolybdate) 
and permanganate, formulations. The corrosion performances can be seen in appendices 16 to 19 and 
figures 70 to 81. 
8.5.10.1 (1) Molybdate (2) Perinanganate'Two Solution' Coating 
Ile corrosion potential with immersion time 'for the molybdate/permanganate 'two solution! 
coating treatment (Figure 70) gradually increased, from an initial value of -1022 to -800mV(SCE) within 
300 hours. This is similar in behaviour to the molybdate/permanganate 'single solution! coating 
performance (Figure 61). The development Of voluminous white corrosion products were evident 
between 48 and 150 hours, with a progressive development of red rusting after 529 hours. 
The corrosion current density with time (Figure 7 1), generally decreased from an initial value 
of approximately 2.0jtAcniý. However, it was apparent the current density tended to fluctuate over the 
first 150 hours of immersion with an average of 1.8gAcm72. A small maximum was apparent at 342 
hours of 1.3gAcm"2, possibly associated with the development of defects or channels within the alloy 
deposit resulting in a limited sacrificial behaviour. 'Me current density only became relatively stable 
after an immersion of 400 hours, slowly decreasing to below 0.51iAcm7 
2. Overall, the observed 
corrosion rate with time, appeared to be superior in comparison to both of the individual simple 
molybdatc (Figure 26) and permanganate coatings (Figure 59). However, the development of 
voluminous corrosion products suggests excessive zinc dissolution. The appearance of red corrosion 
products was evident after only 529 hours, indicating the formation of an ineffective barrier, thus the 
coating had insufficient physical exclusion to prevent red rusting. 
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The polarisation resistance (Figure 72) indicated an active period during the initial 100 hours, 
resulting in an average Rp of 2459flcmý, thereafter the polarisation resistance tended to increase 
gradually over the following 150 hours achieving a value of -6600flcmý, resulting from the subsequent 
ennoblement and accumulation of corrosion products over the surface. After 350 hours, a sharp increase 
in the polarisation resistance was apparent achieving a value of 10444C)cm2. However, the polarisation 
resistance was observed to still gradually increase, a maximum was apparent only after the development 
of red rusting at -530 hours, suggesting the dissolution processes were hindered resulting in increased 
physical exclusion. Overall, the observed polarisation resistance behaviour was similar in comparison to 
the molybdate/permanganate 'single solution7 coating (Figure 63). 
8.5.10.2 (1) Permanganate (2) Molybdate'Two Solution' Coating 
The corrosion potential with immersion time (Figure 73) indicated that between 50 and 242 
hours, a sharp shift in potential was apparent, from an initial value of -l03OmV(SCE) to -748mV(SCE), 
suggesting that afler an initial period of activity ennoblement occurred resulting in a marked increase in 
potential. The development of white corrosion products was apparent after 30 hours, with the formation 
of red rusting after 630 hours. 
Tle corrosion current density (Figure'74) indicated after an immersion time of 50 hours, a 
maximum value of OpAcrn72. Thereafter the corrosion rate decreased sharply over a period of 150 
hours, eventually achieving an average of -0.3gAcm-2 for the remainder of the test. The decrease in 
current density could be associated with the ennoblement phenomenon and the accumulation of corrosion 
products over the surface, suggesting, that after the initial active behaviour, the resultant barrier effect 
provided the majority of the protection. 
The polarisation. resistance with time (Figure 75) revealed an initial period of low resistance 
lasting approximately 100 hours, associated with the active character of the surface and subsequent zinc 
dissolution of the zinc-nickel alloy deposit. The Polarisation resistance then began to increase at a 
relatively uniform rate to a maximum of 2011 I! Qcm2 after 500 hours, indicating that protection was 
increasingly being provided by a barrier effect with the active behaviour diminishing with time. Red 
corrosion products were apparent after 630 hours. However, the polarisation resistance continued to 
remain high for an extended period, suggesting the barrier effect was still capable of hindering the 
dissolution processes. 
8.5.10.3 (1) Permolybdate (2) Permanganate 'Two Solution' Coating 
The corrosion potential with time (Figure 76) revealed a gradual increase to more noble 
potentials, achieving a value of approximately -800mV(SCE) after 370 hours, indicating the initial active 
surface dimmshed relatively slowly. As a consequence the ennoblement of the surface occurred at a 
reduced rate, suggesting the active character of the coating was evident for an extended duration. The 
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formation of voluminous white corrosion products was diminished, however, the development of a white 
film was apparent after an immersion time of 50 hours, with the first appearance of red corrosion 
products at approximately 840 hours. 
'Me corrosion current density (Figure 77) tended to fluctuate slightly with the first 200 hours of 
immersion, although a decrease was generally apparent in i.,, from an initial maximum of 3.1 VAcm72, to 
an average of 0.9gAcnf2 after 200 hours. Thereafter, the corrosion current density continued to decrease 
over the following 600 hours to a value of UpAcm72. With the formation of red corrosion products 
after 840 hours, it was apparent the current density began to increase, although still remaining at 
relatively low values. Overall, the permolybdate/permanganate 'two solution! coating resulted in a slight 
improved corrosion performance, compared with a molybdate/permanganate 'two solution' coating. 
Ile polarisation resistance with time (Figure 78) indicated a period of low resistance for the first 
100 hours, at an average of 2040ilcm2, as a consequence of the active character of the coating. T'his was 
followed by a gradual increase in the Rp over the next 700 hours, achieving an average of 1584 ljjcm 2 
between an immersion time of 600 and 800 hours. Tle polarisation resistance for the remainder of the 
test then tended to decrease, associated with the appearance of red corrosion products. 
8.5.10.4 (1) Permanganate (2) Permolybdate 'Two Solution' Coating 
Tle corrosion potential with time (Figure 79) generally revealed a similar behaviour compared 
with the permolybdate/pennanganate 'two solution! coating (Figure 76). An initial delay of -24 hours 
was evident before an increase in potential occurred due to the ennoblement of the surface, achieving a 
potential of approximately of -800mV(SCE) after 300 hours. In general, the potential increased 
gradually over the initial 500 hours of immersion to a value of -670mV(SCE), suggesting a slow 
ennoblement of the surface. Visually, the appearance of voluminous corrosion products compared with 
the permolybdate/ permanganate 'two solutioW coating were reduced, however, the formation of a white 
fIlm over the surface was evident at 75 hours, which developed over a period of 200 hours to become 
voluminous in appearance. The appearance of red corrosion products was not apparent until after 671 
hours. 
Ile corrosion current density (Figure 80) revealed an initial i. " value of 3.6pAcm", which 
decreased over the following 400 hours of immersion to I. IpAcm2, although the current density was 
observed to fluctuate over the short term. This indicated that the active behaviour of the coating 
remained at relatively high levels over extended immersion times, which corresponded with the 
formation of voluminous white corrosion products. After 400 hours, the corrosion current density 
appeared to stabilise, resulting in an average of -0.6jiAcmý for the remainder of the test. 
The polarisation resistance with time (Figure 8 1) indicated a period of low resistance during the 
initial 100 hours of immersion at approximately 2000f)cmý, followed by a increase to a maximum of 
103280=2 at 527 hours. A pronounced increase in RP was apparent between 400 and 440 hours, this 
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could be associated with the surface becoming less active in character, consequently protection was 
provided by a barrier effect. Once the maximum was achieved the polarisation resistance began to 
decrease, coinciding with the appearance of red rusting after 671 hours. 
8.6. Summary of the Electrochemical Tests 
A summary of the electrochemical behaviours for the five main coating treatments. 
8.6.1 Chromate Coatings 
lie observed electrochemical behaviour for the chromate coatings on zinc-nickel alloy deposits, 
was generally in agreement with investigations undertaken for a zinc substrate, where the chromate 
coating inhibited both the anodic and cathodic reactions, primarily as a result of the formation of a stable 
barrier layer. 36,144,207 Over the long term, the corrosion rates decreased from an initial maximurn value, 
rapidly achieving relatively uniform, lower rates. The initial higher corrosion rate, suggests a period of 
limited activity, associated possibly with the reduction of Cr(VI) to form insoluble compounds, or by 
combination of Cr(VI) reduction and formation of zinc corrosion products, closing or blocking weak 
spots or channels within the coating. 
144,207 This subsequently provides an overall enhancement of the 
barrier effect, causing the observed decrease in the corrosion rate. The 'self-healing' capability will 
therefore only be apparent during the initial stages, before the Cr(VI) has been totally depleted or leached 
from the Coating. 40 Possible evidence of the self healing ability provided by the Cr(VI) was observed in 
this investigation when the polarisation resistance was monitored with time. The polarisation resistance 
tended to undergo large fluctuations during the initial 500 hours of immersion, suggesting when active 
areas or weak spots developed, as indicated by a decrease in Rp, a mechanism to block or repassivate the 
active areas was possibly available, resulting in a subsequent increase in polarisation resistance. After 
500 hours, the large fluctuations ceased and the polarisation resistance became consistently lower, as a 
consequence of the depletion of the residual Cr(VI), hence the active areas could no longer be 
repassivated. Once the hexavalent residual was depleted, the chromate coating provided protection 
solely by the effectiveness of the physical exclusion, resulting from the barrier effect. 
8.6.2 Simple Molybdate Coatings 
T'he overall electrochemical behaviour for the simple molybdate treatinents suggests the coatings 
performed as moderate barriers. Ile potentiodynamic polarisation indicated the simple molybdate 
coatings inhibited both the anodic and cathodic reactions, by retarding the metal dissolution and the 
oxygen reduction reaction. T'he long terrn electrochemical corrosion tests subsequently revealed a 
corrosion behaviour which followed the performance of the 'as-plated'zinc-nickel alloy deposit although 
with slightly greater levels of protection. The simple molybdate coatings appeared to be capable of 
partially limiting the active character of the surface, especially during the initial 50 hours. However, any 
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residual isopolymolybdate species within the coating, e. g. a heptamolybdate species such as [M070241 6- 9 
gave no evidence of any 'self-healing' effect, capable of providing enhanced barrier properties, to block 
or close weak spots within the coating. The formation of volurninous white corrosion products were 
nevertheless reduced, possibly as a consequence of the coating assisting adhesion, thus preventing the 
continual development and breakdown of corrosion products over the surface. 
8.6.3 Cerium-based Coatings 
The cerium-based coatings resulting from the prolonged immersion treatments, at elevated 
temperatures, generally gave markedly inferior corrosion performances, due to the deterioration of the 
underlying zinc-nickel alloy deposit. The corrosion performances were poor, achieving accelerated times 
to the fonnation of the red corrosion products, compared with the 'as-plated zinc-nickel alloy deposit. 
However, the cerium chloride / hydrogen peroxide treatment was observed to provide a limited degree of 
protection. The long term electrochemical behaviour for the cerium chloride / hydrogen peroxide 
treatment indicated a moderate barrier effect. Ennoblement of the surface was comparatively slow, 
resulting in the progressive development of voluminous white corrosion products. Similarly over the first 
500 hours of immersion the corrosion rate remaining relatively high. 'Me increased formation of zinc 
corrosion products subsequently provided an ineffective barrier, thus when the active behaviour 
diminished, little or no overall protection was available and as a consequence red corrosion products 
were apparent after approximately 600 hours. 
8.6.4 Permolybdate Coatings 
The electrochemical corrosion tests for the permolybdate treatments indicated two different 
corrosion behaviours, depending on the pH of the treatment formulation. The permolybdate coatings 
resulting from treatments within the pH range of 4.0 to 6.0, appeared to achieve corrosion behaviours 
similar in comparison with those of the simple molybdate coatings. The short term electrochemical test 
revealed a maximum in the corrosion current density associated with the pH 5.0 treatment. At pH 5.0, 
the polymerisation would probably be only partially completed. A coating resulting from this treatment 
solution could possibly incorporate a relatively unstable permolybdate species, which could readily be 
converted to the corresponding isopolymolybdate structure, thus contributing to the overall measured 
current density. The long term electrochemical test similarly revealed a higher level of corrosion current 
density within the first 100 hours of immersion for the pH 5.0 treatment compared with the simple 
molybdate coating. 
The more acidic permolybdate treatments of pH 2.0 and 3.0, achieved in contrast markedly 
superior corrosion performances. The long term electrochemical tests revealed a behaviour where the 
corrosion rate generally decreased with immersion time, a behaviour reminiscent to a 'chromate-type' 
trend, this was in complete contrast to the pH 5.0 permolybdate treatment. Ile coatings resulting from 
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the pH 2.0 and 3.0 formulations could possibly have incorporated within them structurally more stable 
pcrmolybdate species, for instance [M07022(0 2)216-. If a sufficient quantity of the permolybdate species 
was present within the coating, it could ultimately enhance the overall corrosion behaviour by interacting 
with hydrogen ions, to form either a hydropermolybdate species (Reaction 8.3) or be converted to the 
isopolymolybdate forrn (Reaction 8.4 and 8.5). This could have the effect of removing hydrogen ions 
which would otherwise be involved the cathodic processes (Reactions 8.7 to 8.9). Tle removal of 
hydrogen ions would consequently interfere with the corrosion processes by retarding or inhibiting the 
cathodic reactions. The removal of hydrogen ions would also increase the localised pH within the 
coating, hence facilitating the formation of zinc hydroxides, to block or close weak spots or channels 
within the coating. 
Alternatively, the more coherent coatings formed by the permolybdate coating treatments, 
observed by SEM examination (Section 8.1.5), are capable of being more effective barriers compared 
with the simple molybdate treatments. This was a consideration suggested for the chromate coatings, 
where it was believed the total concentration of chromium and the hexavalent chromium content did not 
appear to be the major factors influencing the corrosion resistance and it was concluded that thinner but 
more coherent barrier films provide the best corrosion behaviours. 20 However, this explanation can not 
fully explain the marked differences in corrosion performance observed for the permolybdate coatings 
produced over the pH range. 
8.6.5 Permanganate Coatings 
The electrochemical behaviour for the permanganate coated surfaces indicated an extended 
period of activity, in which the development of voluminous white corrosion products were evident. 
Ennoblement of the surfaces did not occur until aficr 190 hours, a considerable delay in comparison with 
a chromate coated surface. This behaviour could possibly be as a consequence of the increased acidity 
within the coating due to a reaction such as the oxidation of Mn(H) by a permanganate species (Reaction 
8.11), increasing the active character of the coating. This period of activity was also associated with an 
increase in the corrosion rate, achieving a maximum of 7.31iAcmý, a comparable rate with the 'as-plated' 
zinc-nickel alloy deposit behaviour. Ile formation of voluminous white corrosion products were clearly 
evident over the surface, consequently there would appear to be no self-healing capability to enhance the 
overall barrier effect. 
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8.7 EXAFS Coating Characterisation 
For the EXAFS analysis various molybdate species, molybdenum oxides and several other 
molybdenum containing compounds were required as standards, so that direct comparisons in the Mo K- 
absorption edge spectra could be made with the simple molybdate and pen-nolybdate coated surfaces. 
'Me molybdenum K-absorption edge differs significantly depending on the oxidation state and 
the local arrangement of the neighbouring atoms around the absorbing atoM. 206,207 Ile molybdate 
species, molybdenum trioxide and several other molybdenurn compounds show a pre-edge peak, the 
energy and intensity of which will depend on the coordination of the molybdenum. 20' For molybdenum 
K-edge spectra, the principle transition seen is the Is -> 4d (the excitation of core electrons to vacant 
orbitals). 197 This transition is much stronger where molybdenum is tetrahedrally coordinated and for 
those lacking a centre of symmetry, than those where Mo is strictly octahedrally coordinated where this 
transition is forbidden . 
209 The relative intensity of another transition, Is -* 5p, has been suggested to be 
a measure of the degree of distortion, 
198 where the greater the intensity of this transition the higher the 
system is distorted away from a regular octahedraL 'Me absolute position of the edge can consequently 
be utilised to gain information about the chemical environment of the absorber atom. 210 
Information on the interatomic distances was obtained from the ICSD and MDF data files. 
Refinements were undertaken by utilising the radial distributions to fix the aPpropriate atoms in relevant 
shells, and the distances (R) and Dcbye-Waller factors (A) were refmed. Omitted shells had no statistical 
significance or visual effect on the calculated EYCAFS signal or its Fourier transfomi. 
8.7.1 Standards 
Ile pre-edge peaks, edge positions and relative edge positions with respect to molybdenum foil 
can be seen in table 7, along with the EXAFS spectra in figures 82 to 93. 
8.7.1.1 Sodium Molybdate Dihydrate 
The molybdenum K absorption edge for sodium molybdate dihydrate (Na2MoO4.2H20) in 
figure 82, revealed a characteristic pre-edge Peak at an energy of 20002.8eV, corresponding to the 
excitation of a core electron to a high level vacant orbital, a Is -ý 4d transition. 
197'209 In a tetrahedral 
field (sp3 hybridisation) this transition is allowed, although a similar pre-edge peak is also observed in 
compounds with molybdenum in a distorted octahedra. However, in a strictly octahedral field (d2 SP3 
hybridisation) this transition is forbidden. The edge position was measured at 20014.9eV. 
The fitted Fourier transform Mo K-edge EYAFS data for sodium molybdate dihydrate can be 
seen in figure 98, only the initial Oxygen shell could be resolved due to the absence of any fiirther 
distinctive peaks. Analysis of the EXAFS data was consistent with the considered tetrahedral 
arrangement of four oxygen atoms in the first shell at a distance of 1.77A. 211 
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8.7.1.2 Sodium Molybdate 
'Me molybdenum K absorption edge for anhydrous sodium molybdate (Na2MoO4) in figure 83 
revealed a high intensity pre-edge peak at 20002.8eV, with the edge position at 20014.8eV. A second 
pre-edge peak was clearly distinguishable at a higher energy, possible as a consequence of a Is -> 5p 
transition. 19' In general the observed spectrum had greater definition in comparison with the 
Na2M004.2H20. 
The fitted Fourier transform in figure 99, revealed further information compared with the 
anhydrous form, out to distances of approximately 4A. After a first shell of four tetrahedral oxygen 
atoms at 1.79A, addition shells of sodium and oxygen atoms were apparent at 3.74 and 4.08A 
respectively. Overall, there appeared to be good agreement between the distances obtained from the 
EXAFS data analysis and the radial distribution from the single crystal Study, 211 consistent with the 
crystalline Na2MoO4 containing discrete nearly ideal MoO4 tetrabedra. 212 
8.7.1.3 Potassium Molybdate 
The Mo K absorpfion edge for potassitun molybdate (K2MO04) seen in figure 84, revealed a 
high intensity pre-edge peak at 2003.6eV, at a slightly higher energy in comparison with Na2M004. The 
edge position was measured at 20015eV. 
Analysis of the fitted Fourier transform in figure 100, indicated a tetrahedral arrangement of four 
oxygen atoms in a shell at a distance of 1.77A, consistent with the reported crystallographic studieS. 213 
8.7.1.4 Molybdenum Trioxide 
The molybdenum K absorption edge for molybdenum trioxide (MoO3) in figure 85, revealed a 
low intensity pre-edge peak at 20004.9eV, which was observed to be at a higher energy compared with 
Na2MoO4- Tlie structure of MoO3 represents a transitional stage between tetrahedral and octahedral 
coordination, resulting in a distorted octahedral symmetry. 
212 The pre-edge peak was consequently 
shifted to a slightly higher energy due to the distorted octahedral arrangement. Tle edge position was 
observed to be at an energy of 20013.6eV, slightly lower in comparison with 
Na2M004. 
Tle fitted Fourier transforin can be seen in figure 10 1. Analysis of the EXAFS data revealed the 
presence of two oxygen shells at 1.58 and 2.19A, each containing two and four oxygen atoms 
respectively. With the oxygen atoms at slightly different distances from the molybdenum, the fitted 
MoO3 EXAFS data is consistent with the considered distorted octahedral symmetry. Additional shells 
were refined out to a distance of 5.5A, achieving good agreement with the radial distribution data. 
214 
8.7.1.5 Sodium Heptamolybdate 
Tle molybdenum K absorption edge for sodium heptamolybdate (Na6M07024-14H20) in fIgUre 
86, indicated the presence of a low intensity prc-cdge peak at 20004.5cV, with the edge position at 
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20013.6eV. Ile energy of the pre-edge peak appeared to be similar compared with the MoO3, this is 
consistent with the considered distorted octahedral symrnetry. 
215 
The fitted Fourier transform can be seen in figures 102. Analysis of the EXAFS data revealed 
the distorted octahedral arrangement, with the first three shells each containing two oxygen atoms at 
1.71,1.94 and 2.25A, a similar distribution when compared to theMO03- Overall, there appears to be 
good agreement between the distances obtained from the EXAFS data and single crystal studies, 
consistent with the sodium heptamolybdate structure possessing molybdenurn in a distorted octahedral 
arrangement. 215 
8.7.1.6 Sodium Peroxomolybdate 
Ile molybdenum K absorption edge for sodium peroxomolybdate in figure 87, although 
considered to be structurally similar to the heptamolybdate specieS, 215 the K-edge revealed differences in 
the modulations of flie transmitted X-ray intensity beyond the absorbing edge. The pre-edge peak for the 
peroxomolybdate species was at a higher energy and intensity of 20004.9eV compared with the 
heptamolybdate. The edge position was measured at 20013.6eV. 
The fitted Fourier transform can be seen in figure 103. Attempts to model the Fourier transform 
to a number of molybdate and peroxomolybdate species(only potassium containing peroxomolybdate 
salts have been reported), generally gave poor agreement between the calculated and observed EXAFS 
signal. However, there appeared to be moderate agreement for the radial distribution data obtained for 
216 the potassium peroxoheptamolybdate (K6M07022(O2)2.8H2O) compound . 
Overall, the 
peroxoheptamolybdate species is. considered to have the same general appearance as the heptarnolybdate 
species, the difference being that two peroxo groups have been substituted for two terminal oxygen 
atoms. The structure of the peroxoheptamolybdate (seen in Section 2.2.6) no longer consists of seven 
distorted octahedrals, but can be described structurally as five octahedra and two pentagonal bipyramids 
(d5sp or &sp' hybridisation). Ile two molybdenum atoms coordinated to the peroxo groups are 7- 
coordinated by the pentagonal bipyramidal arrangement. Generally, the Mo-O (terminal) bond lengths 
fall in the range of 1.67 to 1.76A, however the Mo-O (peroxo) distances span from 1.86 to 1.96A. 216 
The EXAFS data analysis indicates a degree of 7-coordination, as opposed to the distorted octahedral 
arrangement with the presence of 7 oxygen atoms surrounding a central molybdenum atom in four 
shells. Ilere appeared to be relatively good agreement between the calculated and observed EXAFS 
data, with a higher proportion of oxygen atoms at a distance of 1.95A, in comparison with the sodium 
heptamolybdate. 
8.7.1.7 Molybdenum Dioxide 
The Mo K absorption edge for molybdenum dioxide (MoO2) in figure 88 indicated the absence 
of a pre-edge peak, suggesting a strictly octahedral field (d2sp3hybridisafion). The Is-* 4d transition is 
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forbidden in octahedral symmetry, consequently no pre-edge peak was evident. The edge position was 
measured at 20011.5eV. 
The fitted Fourier transform can be seen in figure 104. 'Mere was good agreement between the 
shell distances obtained from the EXAFS data analysis and the single crystal studieS. 217 The initial two 
shells were refined for six oxygen atoms. The first shell containing four oxygen atoms at 1.98A, with the 
second containing two oxygens at 2. OOA. This is consistent with the distorted octahedral arrangement 
for M002- 
8.7.1.8 Molybdenum Disulfide 
The Mo K absorpfion edge for molybdenum disulfide (MoS2) in figure 89 revealed the absence 
of any prc-edge peak, consistent with the considered strictly octahedral coordination, the edge position 
was measured at an energy of 20005.1 eV. 
Analysis of the fitted Fourier transform figure 105, indicates good agreement with the 
crystallographic studies, 
219 with six sulfur atoms occupying the first shell at a distance of 2.39A, 
correlating with an octahedral arrangement known aS trigonal prismatic (SP3 or pd5 hybridisation), where 
theMOS6 trigonal prisms are almost regular. Addition sulfur and molybdenuin containing shells were 
fitted out to a distance of 5.5A. 
8.7.1.9 Zinc Molybdate 
'Me Mo K absorption edge for zinc molybdate (ZnMoO4) in figure 90 revealed a characteristic 
pre-edge peak of moderate intensity at 20003. OeV, with the edge position at an energy of 20015. OeV. 
T'he fitted Fourier transforni in figure 106, indicated a tetrahedral arrangement of the four 
oxygen atoms in the first shell, at a distance of 1.75A. Additional zinc containing shells were refined out 
to a distance of 3.6A. In general, the EXAFS analysis appeared to be in agreement with the 
crystallographic studieS. 219 
8.7.1.10 Dizinc Trimolybdenum (IV) Oxide 
Ile Mo K absorption edge for the dizinc trimolybdenum (lv) oxide (Zn2M0309) in figure 91, 
revealed an edge position of 20010. OeV. With no pre-edge peak evident, this suggests a strictly 
octahedral field. A comparison between the absorption edges Of Zn2M030g andM002 can be seen in 
figure 92, indicating that although still remaining octahedral in arrangement differences in the chemical 
environment had occurred for the Zn2M030g, as indicated by the post edge structure. 
There was good agreement between the CryStallographiCM, 221 and EXAFS dataý22 for fitted 
Fourier transform (Figure 107). The first two oxygen shells indicated a distorted octahedral arrangement 
with two and four oxygen atoms at 1.903 and 2.045A respectively. There was evidence of two 
molybdenum neighbours at 2.526A, consistent with the considered triangular arrangement of the M03013 
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. 
222 incd out to a distance of cluster Additional molybdenum and zinc containing shells were ref 
approximately 4. OA. 
8.7.1.11 Trizinc Dimolybdenum (VI) Oxide 
The Mo K absorption edge for trizinc dirnolybdentun (VI) oxide (Zn3MO209) can be seen in 
figure 93. A moderately intense pre-edge peak at an energy of 20003.6eV was apparent. The energy of 
the pre-edge peak suggests a change of symmetry had occurred, from the distorted octahedral Of M003 to 
a tetrahedral field, similar in arrangement to the molybdate species. The edge position was measured at 
20015.1 eV. 
Tle radial distribution data, obtained from the crystallographic studieS, 223 remains as yet 
unavailable on the ICSD data file. However, the authors reported that Zn3MO209, has molybdenum 
surrounded tetrahedrally by four oxygen atoms at an average distance of 1.756A. With only limited 
amount of data to establish a theoretical fit the Fourier transform shown in figure 108, indicated the 
tetrahedral arrangement in the first shell of MoO4 at a distance of 1.756A. Additional shells were also 
apparent, however, at present the radial distribution remains uncalculated. Comparisons with the EXAFS 
analysis for MoO3 (Figure 10 1), clearly indicates that the Zn3MO209 has undergone a change in chemical 
environment. The M003, possesses a distorted octahedral symmetry, whereas the EXAFS analysis 
suggests the Zn3MO209 to be tetrahedral in arrangement 
8.7.2 Coated Surfaces 
8.7.2.1 Simple Molybdate Coating 
The molybdenwn K-absorption edge for a simple molybdate coating (pH 5.0 treatment) in figure 
94, revealed an edge position of 20011.1 eV, similar to the positions measured for MoO2 (20011.5eV) 
and Zn2MO308 (2001O. leV). If the edge position (E. ) is solely considered (Table 7), then the edge 
would appear to correspond to a strictly octahedral arrangement, suggesting the coating contained 
tetravalent molybdenum. However, an inflection point (shoulder) was apparent on the edge at an energy 
of 20004.5eV. The pre-edge features are normally associated with a Is -* 4d transition, which is only 
allowed for tetrahedral or distorted octahedral coordination, thus implying the presence of hexavalent 
molybdenum within the coating. A comparison between the normalised simple molybdate, coating and 
Zn2M0308 spectra is shown in figure 95, the pre-edge feature in the simple molybdate spectra can clearly 
be seen to be evident. The measured pre-edge positions for the standards (Table 7) range between 
20002.9 and 20004.9eV, with the lower values relating to regular tetrahedral systems such as sodiwn and 
potassium molybdate, whereas an increasing energy indicates a distorted octahedral symmetry. 'Me 
absorption spectra can therefore be considered to be the combination of two molybdenum environments. 
One tetravalent for example Zn2Mo3O8 (E(, has possibly been shifted to a slightly higher energy due to 
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the second molybdenum environment) and the other a distorted hexavalent environment, such as a 
heptamolybdate species. 
The fitted Fourier transform EXAFS data can be seen in figure 109. Two relatively broad peaks 
were apparent at distances of approximately 2.0 and 2.6A within the experimental Fourier transform. in 
fitting the experimental Fourier Transform the first peak was considered to be a combination of the Mo- 
0 shells from the two molybdenum environments, with the second peak corresponding to a Mo--Mo 
interaction. ne Mo--Mo interaction was most apparent for the Zn2M030g (Figure 107), a similar 
interaction was also apparent for MoO2 (Figure 104), however it was significantly weaker. Refinements 
were consequently undertaken employing different ratios of Zn2M030g and sodium heptamolybdate, 
utilising averaged shell distributions and occupancies out to a distance of MA. The initial shell radial 
distributions and occupancies for the two molybdenum environments are indicated in table 8. By 
combining shells with similar distances (R) and varying the occupancy within the resultant shells (N), 
different ratios corresponding to different compositions were calculated, an overall best fit was achieved 
with the experimental data (Figure 109) using a ratio of 60% Mo(IV) as Zn2MO308 : 40% Mo(VI) as the 
heptamolybdate species. 
8.7.2.2 Permolybdate Coating 
The molybdenum K absorption edge for the permolybdate coating (pH 3.0 treatment) in figure 
15, indicated an edge position of 20011.3eV. An inflection point was also evident at an energy of 
20004.9eV, similar in character with the simple molybdate EXAFS spectra. A comparison between the 
normalised spectra for the permolybdate coating and Zn2M0308 in figure 97, clearly highlights the pre- 
edge feature. The absorption edge can be considered to be the combination of two molybdenum 
environments. The edge position (E,, ) of 20011.3eV suggests a strictly octahedral arrangement (Table 7), 
possibly shifted to a slightly higher energy due to a contribution from the second molybdenum 
environment. The energy of the pre-edge feature relates to a distorted octahedral arrangement, possibly a 
permolybdate species. 
The fitted Fourier transform EXAFS data can be seen in figure 110. As with the simple 
molybdate coating, refinements were conducted employing different ratios of Zn2M030s and 
permolybdate, utilising the shell distributions indicated in table 9. Combining shells with similar 
distances (R) and varying the occupancy within the resultant shells (N), different refinements were 
attempted, which generally achieved poor agreement between the calculated and the observed EXAFS 
signal. However, a relatively good fit was obtained with the experimental data (Figure 110) using a ratio 
of 60% Mo(fV) as Zn2M0308 : 40% Mo(VI) as the permolybdate species. Attempts to refine the data 
utilising a heptamolybdate system instead of a permolybdate gave inferior fits. Although, the structures 
of heptamolybdate and permolybdate are related, differences resulting from a degree of 7-coordination 
within the peroxornolybdate and the greater occupancy of Mo-O at distance of 1.86 and 1.96A due to 
the peroxo groups, has been shown to be distinguishable by EXAFS. 
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8.7.3 Determination of the Hexavalent Molybdenum Content 
Utilising the shell occupancy method to determine the composition of the coated surfaces, 
resulted in a similar ratio for both the simple molybdate and permolybdate coatings of 60 Mo(IV): 40 
Mo(VI) corresponding to 60% in the form. of Zn2M0308 and 40% as a hexavalent molybdenum species. 
This can only be assumed to be an approximate estimation of the relative composition of the hexavalent 
molybdenum species within the coating. An alternative method to evaluate the coating composition 
relies on the assumption of a linear relationship between the edge positions (E. ). A linear extrapolation 
could consequently provide an estimate of the approximate composition of the coated surfaces. Using 
the relative edge positions (E. - Eomo), the Mo(VI) content within the coatings can be calculated, where 
zn2mo3os has a relative edge position of 1.7; the heptamolybdate and permolybdate species have 
positions of 5.5 and 6.7 respectively. 
0 
1iii 
10 
E.. m. abc 
a- Relative E. for Zn2M0308- 
b- Relative E. for the Coated Surfaces. 
c- Relative E. for the Hexavalent Species. 
'Me Mo(VI) content = 
b-a 
x 100% (8.12) 
c-a 
Heptamolybdate content in simple molybdate, coating = 
3.0-1.7 
x 100% = 38% 5.1-1.7 
3.2-1.7 
Pennolybdate content in permolybdate coating = T- 
.71.7 
x 100% = 30% 
The two methods of estimation gave similar results, suggesting with a degree of confidence that 
the coatings contain significant hexavalent contents of approximately between 30 - 40%, relative to the 
total molybdenum content. X-ray absorption spectroscopy investigations for chromate coatings revealed 
a similar hexavalent chromium content of between 15 to 30% relative to the total chromium content. 39,40 
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8.8 The Mechanism for Coating Formation 
The EXAFS surface characterisation revealed for both the simple molybdate and permolybdate 
coatings, the major molybdenum component had an oxidation state of Mo(IV). Ile edge positions 
suggested the Mo(M was present as MOOZ, possibly incorporated as a mixed oxide. The composition 
could vary within the coatings and depending on the ratio of ZnO to MoO2, a number of structurally 
related compounds could be produced, for example reaction (8.13). 
2ZnO + 3MOO2 -- Zn2M0308 (8.13) 
The remainder of the molybdenum component within the coatings appeared to be a relatively significant 
hexavalent molybdenum content associated with a distorted octahedral structure, possibly corresponding 
to either a heptarnolybdate, or permolybdate species, depending of the treatment solution. 
Previous investigations using XPS have indicated the existence of a range of molybdenum 
oxidation states within the molybdate-based coatings, including MO(11)'79 MO(IV) as M002,60,202 
MO(VPO, 79 and Mo(VI) identified both in the initial surface layers to be either MoO3 or M002- 
79,202, 
and 4 
also within the internal layers. 
202 The black molybdate coatings produced from ammonium 
heptamolybdate ((NI14)6MO7024.4H20) treatments, similarly have been considered to contain a mixture 
of MoO(OH)2 and Moo 3,63,64 with one XPS study suggesting an estimated oxidation state for 
molybdenum within the black coatings of about +5, which was considered to be close to a M04011 
structure. 66 
For chromate conversion coatings, the generally agreed coating mechanism involves an initial 
dissolution of the substrate surface, with a corresponding evolution of hydrogen. Followed by a 
reduction of the chromate species to Cr(Ill) at the metal-solution interface. 16,17,19 Where the dissolution 
of the substrate increases the local pH, resulting in the precipitation of a hydrated mixed oxide, 
containing a residual amount of hexa-mlent chromium. 
Considering an analogous coating mechanism for the molybdate-based coating treatments. In the 
acidified molybdate-based solutions, two reactions could occur in paraflel at the zinc-nickel alloy 
surface; involving an initial dissolution of zinc, with an accompanying evolution of hydrogen. 
2H+ + 26' -, 'ý' H2 (8.14) 
W -ý 2: W+ + 26' (8.15) 
Secondly, at the metal-solution interface the reduction of the molybdate species, from Mo(VI) to Mo(IV) 
could then take place. The local pH will increase due to the dissolution and reduction reactions 
consequently a precipitation of a hydrated mixed zinc and molybdenum oxide could then proceed, 
entrapping a residual amount of the hexavalent molybdenum species. 
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if the formation of the mixed oxide resulted in a structure similar to Zn2Mo3Og, then the 
following coating mechanisms such as in reactions (8.16 and 8.17) could occur for the simple molybdate 
and pennolybdate treatments respecfively. 
Simple Molybdate Coatings: 
Wný+ + 3[MO702416'+ 32H+ + 426' 7Zn2M(>308 + 16H20 (8.16) 
Permolybdate Coatings: 
14Zn 2+ + 3[Mo7O22(02)2]6+ 44H+ + 546' -z 7Zn2Mo3Og + 22H20 (8.17) 
The precipitation mechanisms are consistent with the observed pH dependency for the coating 
formation. Increasing the acidity of the treatment solutions, hence the concentration of hydrogen ions, 
increases the rate of coating formation. Similarly, the apparent requirement for a greater number Of 
hydrogen ions and electrons for the reaction (8-17), suggests a slower coating mechanism necessitating a 
greater mass transport of hydrogen ions to the metal-surface interface. 11is corresponds well with the 
visual observations, where it was evident that the pH 3.0 simple molybdate treatments resulted in a matt 
black surface finish, compared with a mainly iridescent appearance for a similar permolybdate 
formulation for similar immersion times. 
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9 Conclusions 
The following conclusions can be drawn from this experimental investigation. 
Surface Appearance 
1. The simple molybdate formulations were capable of producing a range of surface finishes, depending 
on the pH of the coating solution and treatment time. For the weakly acidic formulations gold/blue 
hues were evident. Whereas, the more acidic treatments gave iridescent to matt black/brown surface 
appearances. The colourations became increasingly intense with treatment time, undergoing a series 
of colour changes due to the increasing coating thickness. 
2. The heteropolymolybdate treatments resulted in the formation of golden/blue iridescent films. 
However, when the treatment formulations were stabilised with nitric acid, the silicomolybdic acid 
gave a matt black/brown coloured coating and the phosphomolybdic acid solution resulted in a 
golden-brown surface finish. 
3. The cerium nitrate and chloride coating treatments produced films with a light blue surface finish. 
4. The cerium-based dual immersion treatments generally resulted in orange-brown/blue iridescent 
coatings. 
5. The cerium-based immersion / anodic surface modification treatment gave a dull grey/blue surface 
finish. 
6. The cerium chloride / hydrogen peroxide treatment produced a yellow/gold surface appearance. 
7. The pennolybdate coating formulations generally produced vivid iridescent to almost matt 
black/brown surface finishes. 
8. Ile permanganatc coating treatment gave an iridescent surface finish. 
9. The combined molybdate-based (simple molybdate and permolybdate) and permanganate coating 
treatments, either single or two solution treatments, generally resulted in iridescent surface 
appearances. 
Coating Morphology 
1. In general the molybdate- and Permanganate-based coating treatments resulted in a cracked structure 
resembling amud cracked! ordried riverbed! appearance, not too dissimilar to a chromate conversion 
coating. The nature of the crack structure depended on the treatment solution and the coating 
conditions. 
2. 'Me simple molybdate, coatings resulted in crack patterns and platelets with sharp well-defined edges. 
3. Comparisons between the inunersion and cathodically polarised simple molybdate treatments 
indicated that the inunersion technique produced coatings with a much finer crack structure. 
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4. Examination of the surface morphology for the heteropolymolybdate coatings revealed extensively 
cracked surfaces, the cracks were very board and coarse in appearance. 
5. The permolybdate coatings resulted in coating morphologies with relatively good integrities, resulting 
from a very fine crack pattern and smooth platelet surfaces. 
6. The pen-nanganate coating morphology indicated a highly cracked surface, with an ill-defined crack 
structure, as platelets appeared to be Taking off the surface. 
7. Combined molybdate-based (either simple molybdate or permolybdate) and permanganate coating 
treatments, either single or two solution treatments, generally produced coatings with a cracked 
surface morphology. 
8. 'Me cerium-based coating treatments appeared to produce a nodular surface morphology, with no 
apparent crack structure. The cerium chloride / hydrogen peroxide coating appeared to be parfially 
covered with a fine crystalline mass. 
Neutral Salt Spray (Fog) Corrosion Tests. 
1. The simple molybdate coatings tended to deteriorate quite rapidly during the initial 50 hours of 
exposure, primarily as a result Of I)Iister-tYPe' marks over the surfaces. Even with significant areas of 
deterioration, the appearance of the voluminous white corrosion products was noticeably reduced, 
especially for the more acidic treatments, when compared with the 'as-plated' zinc-nickel alloy 
electrodeposit. 'Me simple molybdate coatings, from the pH 3.0 to 5.5 immersion treatments and all 
the cathodically polarised treatments, provided modest improvements in the times to the formation of 
white and red corrosion products and hence gave only relatively small improvements in corrosion 
resistance when compared to a chromate conversion coating. 
2. The heteropolymolybdate treatments gave inferior times to the formation of white and red corrosion 
products, the times to the first appearance of red rust were markedly inferior with respect to the 'as- 
plated! zinc-nickel alloy deposit. 
3. The cerium-based treatments generally gave markedly inferior corrosion performances, with the 
exception of the cerium chloride / hydrogen peroxide treatment, where the development of white 
corrosion products appeared to be delayed, however, no significant improvement in the performance 
to red rusting was apparent. 
4. Two contrasting corrosion behaviours were observed for the permolybdate coating treatments, when 
subjected to the NSS corrosion test. Ile pH 5.0 permolybdate coating treatment provided a similar 
corrosion performance with respect to a simple molybdate coating, thus suggesting a moderate barrier 
effect. The more acidic pH 2.0 and 3.0 permolybdate coatings, however, achieved improved 
corrosion performances. The initial deterioration of the surfaces was less extensive, with the 
iridescent finishes were apparent even after 200 to 300 hours exposure to the salt spray environment. 
The onset of red corrosion products was significantly delayed compared with the simple molybdate 
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coatings, as well as achieving overall corrosion performances which resembled more closely those of 
the chromate conversion coatings. 
5. The permanganate coatings were observed to deteriorate rapidly, with the appearance of voluminous 
white corrosion products and the loss of the iridescent surface finishes, resulting in the surface 
becoming increasingly dull and grey. In general, the times to the formation of red corrosion products 
were markedly inferior with respect to the 'as-plated' zinc-nickel alloy clectrodeposit. 
6. The 'two solution! treatments utilising the molybdate-based (either simple molybdate or 
permolybdate) and permanganate formulations gave corrosion performances to the formation of white 
corrosion products which were slightly inferior than those obtained for the simple molybdate and 
permolybdate coatings alone. Coatings produced using a permolybdate treatment tended to undergo 
less deterioration, with the iridescent surface finishes apparent for extended exposure times to the 
corrosive environment. Overall, the (1) permolybdate (2) permanganate coating provided the best 
corrosion performance, similar to the pH 2.0 and 3.0 permolybdate coatings. 
Potentiodynamic Investigations 
1. Potentiodynamic investigations for a simple molybdate coating revealed that the coating behaved as a 
barrier, affecting both the anodic and cathodic reactions, a similar behaviour to a chromate coating. 
2. Potentiodynamic studies for the permolybdate coatings indicated two contrasting behaviours. 
3. 'Me weakly acidic permolybdate treatments at pH 4.0 and 5.0, both produced potentiodynamic 
polarisation curves which were observed to follow similar trends to the simple molybdate coating. 
This suggests the pH 4.0 and 5.0 permolybdate coatings provide a moderate barrier effect, capable of 
retarding the anodic and cathodic reactions. 
4. For the more acidic pH 2.0 and 3.0 permolybdate coating treatments, a shift in the cathodic branches 
of the polarisation curves by 100 - I50m. V was clearly apparent. 'Me anodic branches indicated a 
region of limiting current density up to a potential of -1000mV(SCE), whereupon the polarisation 
curves tended to follow the observed pH 4.0 and 5.0 permolybdate behaviour. 
5. It has been proposed, that a residual permolybdate content was responsible for the observed 
potentiodynamic behaviour. Possibly as a result of an interaction with hydrogen ions, forming 
hydrogen peroxide or a hydropermolybdate species within the coatings. Or alternatively, the coating 
was charged with hydrogen ions during the initial delay before the polarisation sweep, due to an 
interaction between permolybdate species and hydrogen ions. 
Short Term Electrochemical Corrosion Tests 
1. For the simple molybdate coatings, the short term electrochemical corrosion tests (24 hours) revealed 
for both immersion and cathodically polarised coating procedures, the best corrosion performances 
occurred for the pH 5.5 treatments. 
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2. The corrosion rates for the two simple molybdate coating procedures followed similar trends, 
although the cathodically polarised coatings were generally at higher corrosion current densities. 
3. The short term electrochemical corrosion tests for the permolybdate coatings supported the similar 
behavioural trends observed during the NSS corrosion tests and potentiodynamic studies. 
4. Depending on the permolybdate treatment; two contrasting corrosion performances were apparent. 
Reduced corrosion rates were evident for the more acidic pH 2.0 and 3.0 coating treatments. 
5. it has been proposed that a residual permolybdate species within the pH 2.0 and 3.0 coatings not only 
provided a barrier effect but were also capable of interacting with hydrogen ions, resulting in the 
retarding or inhibiting the cathodic reactions, which consequently reduced the overall corrosion rates. 
Long Term Electrochemical Corrosion Tests 
1.71be simple molybdate coating followed the general corrosion behavioural trends observed for the 'as- 
plated' zinc-nickel alloy electrodeposit, although at slightly lower corrosion rates, indicating the 
coating provided a moderate barrier effect. Improvements in the corrosion performance were most 
noticeable in the formation of white corrosion products which were less voluminous in character. 
Slight improvements to the onset of red rusting were apparent; however, overall the chromate coatings 
were markedly superior. 
2. The long term electrochemical behaviour of the cerium chloride / hydrogen peroxide coating 
indicated a moderate barrier effect. The corrosion rates remained relatively high for the first 400 
hours, consequently no overall improvement to the time to red rusting was achieved, compared with 
the 'as-plated' zinc-nickel alloy deposit. 
3. For the permolybdate coatings, the long term electrochemical corrosion tests indicated two different 
corrosion behaviours, this is in agreement with the NSS and short term electrochemical corrosion 
tests. 
4. 'Me pH 5.0 permolybdate coating achieved a corrosion behaviour which followed the general trends 
for the 'as-plated' zinc-nickel alloy deposit, implying a moderate barrier effect. Higher rates of 
corrosion were apparent within the first 100 hours in contrast to the simple molybdate coating 
behaviour, this was consistent with the short term electrochemical tests. 
5. The more acidic pH 2.0 and 3.0 permolybdate treatments resulted in corrosion behaviours where the 
corrosion rates decreased with immersion time, a behaviour reminiscent of achromate-type' trend. 
6. The proposed interaction of a residual permolybdate species and hydrogen ions within the coating, 
could consequently interfere with the cathodic processes by retarding or inhibiting the cathodic 
reactions. Ile removal of hydrogen ions would increase the local pH within the coating, hence 
facilitating the formation of basic zinc salts, to block or close weak spots within the coating. As a 
consequence this provided an enhancement in the overall corrosion performances, relative to the other 
molybdate-based coatings. 
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7. Alternatively, the more coherent coatings produced by the pH 2.0 and 3.0 permolybdate treatments, 
could be capable of providing more effective barriers with greater integrities. 
8. The permanganate coating was observed to remain active in character for an extended period, with 
respect to the other coating treatments. Ennoblement of the surface did not occur until after 190 
hours. The surface deteriorated rapidly, with the formation of voluminous white corrosion products. 
It has been proposed that a residual permanganate species within the coating is capable of undergoing 
a reaction which increases the acidity within the permanganate coating, resulting in increased and 
prolonged zinc dissolution from the alloy deposit. 
9. Both the single and two solution treatments, utilising molybdate-based (either simple molybdate or 
permolybdate) and permanganate formulations, generally gave corrosion performances which were in 
character with the molybdate-based component of the treatment. For example, the coatings utilising 
the simple molybdate formulation resulted in a moderate barrier effect, following similar trends to 
those observed for the alloy electrodeposit, although at slight improvements in the levels of 
protection. Whereas, when a permolybdate coating solution was used, the corrosion rates in general 
decreased with immersion time, consistent with the corrosion behaviour of the individual 
permolybdate coatings. 
Surface Characterisation 
1. The EXAFS investigations for the molybdate-based conversion coatings have indicated that within 
simple molybdate and permolybdate coatings the major molybdenum component had an oxidation 
state of Mo(IV). The edge positions suggested the Mo(IV) is associated with a mixed oxide with 
zinc. 
2. A significant hexavalent molybdenum content was incorporated within the mixed oxide, 
approximately 30 to 40% Mo(VI) relative to the total molybdenum. content. 
3. The pre-edge peaks suggested the hexavalent species were associated with a distorted octahedral 
structure, corresponding to either a heptamolybdate or permolybdate species depending on the 
treatment formulation. 
This investigation has established using the neutral salt spray corrosion test and electrochemical 
techniques, such as linear polarisation resistance, that certain permolybdate coatings are capable of 
providing corrosion protection for Zn-Ni alloy electrodeposits to within 60-70% of the performance 
obtained by an iridescent chromate coating. The pH 2.0 and 3.0 permolybdate treatments appeared to 
have an enhanced corrosion performance resulting from a protection behaviour other than by acting 
solely as a physical barrier, possibly as a consequence of an inhibition or retardation of the cathodic 
reactions. This work has lead to a patent application (UK Patent Application 9718642.3 'Non-Chromate 
Based Conversion Coating Treatments), a copy of which is appended to this thesis. 
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Further Work 
This investigation has suggested there is scope for the utilisation of molybdate-based 
fonnulations as conversion coating treatments for zinc-nickel alloy electrodeposits, especially for the 
permolybdate-based formulations. Further work should include the following: 
1. At present the permolybdate treatment is only a laboratory formulation. Optimisation of the coating 
solution is required, concerning parameters such as concentration (both the molybdate and peroxide 
species), temperature, pH and agitation. 
2. An investigation into possible improvements in the corrosion performance of the permolybdate 
coatings during the first 50 hours of exposure to a corrosive environment. Thereby limiting the initial 
deterioration which was observed to occur. 
3. An investigation into possible coating formulations involving tungstate and peroxide species. 
4. An investigation into novel heteropolymolybdic acid solutions, such as a heteropolymolybdate 
species consisting of both molybdenum and manganese. 
Ito 
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Table 1. Time until the Appearance of Red Rust in accordance with Neutral Salt Spray Corrosion Test 
DIN 5002 1 -SS. (ref. 34) 
Electrodeposit Coating (8pin) and 
depositing electrolyte 
I 
Time (hours) 
Zinc, weakly acidic 150 
Zinc, alkaline 120 
Zn-1.0, AI. O/OCo. weakly acidic 250 
Zn-0.5%vt. 0Ue, alkaline 120 
Zn-14%%, t. O/'ONi. alkaline 800 
Zn- I 2-wt. %Ni, weakly acidic 800 
Table 2. The minimum expected degree of protection for chromate coatings on electrodeposited zinc 
when subjected to the neutral salt spray corrosion test, ASTM B 117. 
Type of Chromate Coating Expected time to White 
Rust (hours) 
One-dip colourless (clear bright) 12 
Two-dip colourless (clear bright) 24 
Black dip 48 
Anodic-colourless 48 
Anodic-black 96 
Iridescent vellow or bronze 96 
Anodic-yellow 150 
Olive-drab 150 
ASTNI B 201.7esting of chromate coatings on zinc and cadmimn surfaces'. 
Table 3. DIN 50926 June 1996. * 
'Me corrosion performance of zinc-alloys to white and Ted rust when subjected to the neutral salt spray 
corrosion test, DIN 5002 1 -SS. 
Coating System Time (hours) 
White Rust Red rust 
Electrodeposit Coating Chromate Treatment 5Pm 8Am 12Am 
Zn-Fc (O.. 3-I. Owt. %Fe) Transparent (blue) 24 120 192 240 
Zn-Co, (0.6-l,. 2wt. %Co) Yellow 120 240 360 480 
Black 120 240 360 480 
Zn-Ni (6-]5wt. %Ni) Transparent (blue) 96 480 600 720 
Yellow 120 480 600 840 
Black 120 480 600 840 
ý', A. Zielonk-a (Ed. ), Hilthig. Heidelberg, Gennany, 1997. * 'Jahrbuch OberflAchentechnik, Band 5. ) 
Table 4. Requirements for Neutral Salt Spray (Fog) Corrosion Test (NSS tests). 
Test Solution 50 ± 5gl, I sodium chloride in deionised water. 
Sodium iodide content on a dry basis not more than 0.1%. Solution should be 
substantially free of copper and nickel. Total impurities in dry salt not more than 
0.3%. 
Solution pH pH of solution should be such that when atomised at ')5*C the collected solution 
, Arill be in the range of 6.5 and 7.2. 
Spray Concentration of sodium chloride in sprayed solution: 50 ±I Ogl". 
Composition 
Test Temperature 3 )5 ± 2C. 
IN' over an 80cm2 area during a 24 hour collection period. 
Table 5. Average times to the initial appearance of a white film and red rust. 
Salt Spray Corrosion Test ASTM B 117 
Passivation treatrnent 
Time (hours) 
White Film Red Rust 
Zinc-nickel alloy deposit 
Iridescent chromate (30sec) 
Dark orange chromate (I 20sec) 
3-7 436-483 
200 - 387 1300-1500 
990 2160 
Molybdate, pH 3.0 immersion 122 580 
Molybdate, pH 3.0 polarisation 145 617 
Molybdatc, pH 5.0 immersion 145 626 
Molybdate, pH 5.0 polarisation 145 617 
Molybdate, pH 5.5 immersion 97 607 
Molybdatc, pH 5.5 polarisation 145 626 
Molybdatc, pH 6.0 immersion 25 413 
Molybdate, pH 6.0 polarisation 39 580 
Molybdate, pH 6.2 immersion 27 360 
Molybdate, pH 6.2 polarisation 75 603 
Silicomolybdic acid <30 128 
Silicomolybdic acid WN03 stabilised) <30 220 
Phosphomolybdic acid <15 295 
Phosphomolybdic acid (HN03 stabilised) <25 195 
Ce(N03)3 6 3 64 
Ce(N03)3 + Silicomolybdic acid <30 199 
Ce(NO3)3 + Phosphomolybdic acid <30 242 
CeCli + Silicomolybdic acid <30 199 
CeC13 + Phosphomolybdic acid <30 199 
CeCl3 + Ce(N03)3 <24 155 
CeCl3 + Ce(N03)3 / Anodic Silicomolybdic acid - 48 
Cerium chloride / Hydrogen peroxide 48 408 
Permolybdate, pH 2.0 285 798 
Permolybdate, pH 3.0 144 700 
Permolybdate, pH 5.0 71 479 
Permancyanate 0 30 279 
Molybdate + Permanganate (Single Solution) - - 
Permolybdate + Permanganate (Single Solution) - - 
Molybdate / Pennanganate (Two Solution) 53 294 
Permanganate Molybdate (T,. N, o Solution) 73 579 
Permolybdate Permanganate (Two Solution) 149 789 
Permanganate Permolybdate (Two Solution) 124 508 
Table 6. Corrosion perfonnance of coatings after exposure for 24 hours in a quisccnt. )-5wt. % NaCl 
solution (pH 5.2 - 5-6), using the linear polarisation technique. 
Passivation Treatment E,,,, mV(SCE) i,., (gAcm-2) R,, (Q. cm 2 
Zinc-nickel alloy electrodeposit - 1042 12.64 492.6 
Chromate (. 30 sec, iridescent) -1012 0.659 14219 
Chromate (120 sec, dark orange) -968 0.727 14016 
Molybdate Coatings (300 sec) 
pH 3.0 immersion -967 8.3 7 11 47.3p 
pH 5.0 immersion -975 3.85 1068.6 
pH 5.5 immersion -966 2.64 1152.5 
pH 6.0 immersion -1008 . 
3.4 7 1859.7 
pH 6.2 immersion -1000 22.00 917.5 
pH 3.0 cathodically polarisation -98' 3 15.8 716.6 
pH 5.0 cathodically polarisation -979 7.45 1070.1 
pH 5.5 catbodically polarisation. -980 4.72 13 8 1.4 
pH 6.0 cathodically polarisation -1034 6.29 129' : ). 4 
pH 6.2 cathodically polarisation -1066 16.3) 428.1 
Permolybdate Coatings (300 sec) 
pH 2.0 immersion -995 2.70 1217.0 
pH 3.0 immersion -1047 2.51 2024.2 
pH 4.0 immersion -1006 3.5 7 1394.9 
pH 5.0 immersion 1044 12.1 33 7 13). 9 
pH 6.0 immersion -1029 1 6.26 93 186 .3 
E,,, -r - Corrosion potential, 
ý., - Corrosion current density, Rp - Polarisation resistance 
Table 7. Comparisons in the pre-edge positions and edge positions (E,, ) of the molybdenum K absorption 
edge for a range of molybenurn containing compounds and coated surfaces. 
Sample Pre-edge Position /cV Edge Position, E,, /eV (E,, - E, m,, ) IeV 
Sodium Molybdate Dihydrate 20002.8 20014.9 6.8 
Sodium Molybdate 20002.8 20014.8 6.7 
Potassium Molybdate* 2000' ). 6 20015.2 6.8 
Molybdenum Trioxide 20004.9 20013.6 5.5 
Sodium Heptarnolybdate 20004.5 20013.4 5.3 
Sodium Permolybdate 20004.9 20014.8 6.7 
Molybdenum Dioxide - 20011.5 33.4 
Molybdenum Disulfide* - 20005.1 
Zinc Molybdate 20003 1 20015.0 6.9 
Dizinc Trimolybdenum (IV) Oxide* - 20010.1 1.7 
Trizine Dimolybdenum (VI) Oxide* 20003.6 20015.1 6.7 
Molybdate Coating 20004.5 20011.1 3 3.0 
Permolybdate Coating 20004.5 20011.3 11 3 
Molybdenum Foil (station 9.2), E,,. m,, 20008.4 
Molybdenum Foil (station 9.31), E, mo 20008.1 
Edge position for molybdenum foil. (E,, - E,, m. ) - Edge position relative to molybdenurn foil. 
EXAFS spectra measured on station 9.2. 
Table S. Comparison between the initial atomic shells for Zn2Mo3Og and sodium heptamolybdate. 
Zn2MO308 Heptamolybdate 
Shell N RJA N R/A 
i St MO-0 2 1.906 MO-0 2 1.73 0 
2 nd MO-0 4 2.081 MO-0 2 1.960 
.3 
rd Nlo.. N40 2 2.529 MO-0 2 2.23 )2 
4'b Mo--Zn 1 3.10 7 
Table 9. Comparison between the i-nifial atomic shells for Zn2 M0308 and sodium permolybdate. 
Zn2lý40308 Permolybdate 
Shell N R/A N R/A 
151 NIO-0 2 1.906 MO-0 2 1.750 
2 nd N40-0 4 2.081 MO-0 4 1.996 
-2rd 
.3 N4o.. N40 2 2.529 NIO-0 1 2.492 
4th NIo--Zn 1 3.10 7 
Figure 1. Plot showing the experimental determination of i, aAand ctc using the Tafel equations 
(frorn ref 17. )) 
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Figure 2. Steady-state electrode potential (E) vs. loglij diagram for a metal M corroding via hydrogen 
evolution (from rcf 174). 
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Figure 3. Greatly simplified polarisation diagrarn for an anodic and a cathodic reaction on a corroding 
system which is anodically polarised (from ref. 174). 
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Figure 4. Schematic of a EXAFS Transmission Experiment. 
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Figure 5. Scbernatic of a EXAFS Fluorescence Experiment 
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Figure 6b 
Origin of EXAFS. The circles represent the photoelectron wave originating at the absorbing atom and 
back-scattering from neighbouring atoms. In (6a) the waves are in phase at the absorbing atom, but in 
(6b) the photoelectron has a longer wavelength, and destructive interference occurs at the absorbing atom. 
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Figure 7. Corrosion Perfonriance of Molybdate Immersion Coatings in neutral salt spray test 
(ASTM B 117). 
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Figure 8. Corrosion Perforniance of Molybdate Cathodic Polarisation Coatings in neutral salt spray test 
(ASTM B 117). 
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Figure 9. Corrosion Perfon-nance of Heteropolyrnolybdate Coatings in neutral salt spray test 
(ASTM BI 17). 
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Figure 10. Corrosion Perfon-nance of Ceriurn-based Coatings in neutral salt spray test (ASTM B 117). 
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Figure I I. Con-osion Perfon-nance of Pen-nolybdate Coatings in nctiti-al salt spi-av test (ASTM I 1117). 
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Figure 12. Corrosion Perforinance of Combined Molybdate-based and Pennanganate Coating Systems 
in neutral salt spray test (ASTM B 117). 
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Figure 13. Potentiodynainic Polansation Curves foi- Zinc-Nickel Allov I'llecti-odcposit and I'assi%atiOll 
Treatments in a Quiescent 3.5wt., 'O NaCl Solution (Sweep i-ate l2niV/nun, 30 Inin 
iminei-sion befoi-e polarisation). 
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Figure 14. Potentiodynanlic Polansation Curves for PermolybdatcTi-catinctits in a Qmcscent 
'3.5wt. % NaCl Solution (Sweep rate 12mWinin, 330min 1111111cl-sion before pohn-Isation). 
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Figure 15. Comparisons in Coi-t-osion Kates Im the Inlinei-sed and Catliodicallý llolai-iscd Molý, b&jjc 
Coating'Freatnicnts (24 hom- total immersi on in (I meswit ',. sw(. "o Na('l soltition, pl I 
- 5.6). 
25 
Immersion Treatment 
Polaiisation Treatment 
20 
15 
V) 
C 
As-Plated Zinc 
d) 
10 
r_ 
0 
Am 
0 
0 L) 
0 
2.5 3.0 3,5 40 45 5.0 55 60 65 
pH of Treatment Solution 
Figure 16. Coinpai-isons in Polarisation Resistance for the Inimei-sed and Cathodically Polanscd 
Molybdate Coating Ti-eatinents (24 hout- total "I'Mcf-slon in qmcscent 3.5w"o \, I('l solt, 11(), j. 
pH 5.2-5.6). 
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Figure 17. Comparisons in Con-osion Rates lor the Molybdatc and Pet-niolybdate Coati 
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Figure 18. Comparisons in Polarisation Resistance for the Mol-, vbdate and l1enuolybdate Coatlnýls 
(24 hour total irninersion in quiescent -) 01 
'. 5wtl NaCl solution, pi 1 5. " - 5.6). 
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Figure 19. Corrosion Potential with Immersion Time for the As-Plated Zinc-Nickel Alloy Electrodeposit 
in a Quiescent '). 5wt. % NaCI Solution. 
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Figure 20. Corrosion Current Density with Immersion Time for the As-Plated Zinc-Nickel Alloy 
Electrodeposit in a Quiescent -'). 5", t. O/; NaCl Solution. 
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Figure2l. Polarisation Resistance with Immersion Time for the As-Plated Zinc-Nickel Alloy 
Electrodeposit in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 22. Corrosion Potential with Immersion Time for the Chromate Conversion Coating (iridescent, 
30 see immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 23. Corrosion Current Density with Immersion Time for the Chromate Conversion Coating 
(iridescent, 30 sec immersion treatment) in a Quiescent 3.5wt. % NaCI Solution. 
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Figure 24. Polarisation Resistance with Immersion Time for the Chromate Conversion Coating 
(iridescent, 30 sec irnmersion treatment) in a Quiescent 3.5wt. % NaCI Solution. 
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Figure 25. Corrosion Potential with Immersion Time for the Simple Molybdate Coating (pH 5.5,300 sec 
immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 26. Corrosion Current Density with Immersion Time for the Simple Molybdate Coating (pH 5.5, 
300 sec immersion treatment) in a Quiescent -'3.5wt. % NaCl Solution. 
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Figure 27. Polarisation Resistance with Immersion Time for the Simple Molybdate Coating (pl 1 5.5, 
)OOsec immersion treatment) in a Quiescent -'). 5wt. % NaCl Solution. 
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Figure 28. Comparison of Corrosion Potentials for an Iridescent Chromate Coating, a Simple Molybdatc 
Coating and the As-Plated Zinc-Nickel Alloy Electrodeposit in a Quiescent 3 ). 5wt. % MCI 
Solution. 
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Figure 29. Comparison of Corrosion Current Densities for an Iridescent Chromate Coating, i Simple 
Molybdate Coating and the As-Plated Zi III iesccnt Alloy Electrodeposit in a Qui 
,,. 5wt. % NaCl Solution. 
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Figure 30. Comparison of Polarisation Resistances for an Iridescent Chromate Coating, a Simple 
Molybdate Coating and the As-Plated Zinc-Nickel Alloy Electrodeposit in a Quiescent 
3.5wt. % NaCl Solution. 
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Figure3l. Corrosion Potential with Immersion Time for the Silicomolybdiý acid Coating/ Nitric acid 
Stabilised (30sec immersion treatment) in a Quiescent 3.5wt. % NaCI Solution, 
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Figure 32. Corrosion Current Density with Immersion Time for the Silicomolybdic acid Coating / Nitric 
acid Stabilised (30sec inunersion treatment) in a Quiescent 3.5, At. % NaCI Solution. 
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FigureD. Polarisation Resistance with Immersion Time for the Silicomolybdic acid Coating /Nitric acid 
Stabilised (30 sec immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 34. Corrosion Potential with Immersion Time for the Phosphomolybdic acid / Nitric acid 
Stabilised (30 sec immersion treatment) in a Quiescent '3.5wt. % NaCl Solution. 
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Figure 35. Corrosion Current Density with Immersion Time for the Phospbomolybdic acid / Nitric acid 
Stabilised (30 sec immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 36. Polarisation Resistance with Immersion Time for the Phosphomolybdic acid / Nitric acid 
Stabilised (30 sec inimersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 37. Corrosion Potential with Immersion Time for the Cerium Chloride / Cerium Nitrate 
(800C, immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 38. Corrosion Current Density with Immersion Time for the Cerium Chloride / Cerium Nitrate 
(8011C, immersion treatment) in a Quiescent. '). 5 wt. % NaCI Solution. 
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Figure 39. Polarisation Resistance with Immersion Time for the Cerium Chloride / Cerium Nitrate 
(80"C, immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 40. Corrosion Potential with Immersion Time for the CeCI3 / Ce(N03)3 plus Anodic 
Silicomolybdic acid (+-"5OOmV) Coating Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 41. Corrosion Current Density with Immersion Tirne for the CeClj / Ce(NO. 1)., plus Anodic 
Silicomolybdic acid (+300mV) Coating Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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Figure42. Polarisation Resistance Aith Immersion Time for the CeC13 / Ce(NOi)3 plus Anodic 
Silicomolybdic acid (+-')OOmV) Coating Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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]Figure 43. Corrosion Potential with Immersion Time for the Cerium Chloride / Hydrogen Peroxide 
Coating (300sec immersion treatment) in a Quiescent '). 5wt. % NaCl Solution. 
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Figure 44. Corrosion Current Density with Immersion Time for the Cerium Chloride / Hydrogen Peroxide 
Coating (300sec immersion treatment) in a Quiescent 3.5%kt. % NaCl Solution. 
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I'Igure 45. Polarisation Resistance witb Immersion Time for the Cerium Cbloridc / Hydrogen Peroxide 
ý00sec immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. Coating (3 
16000- 
14000 
ew S 12000 
R 
C: 
CL It I DDOO 
8000 
6= 
4000 
2000- 
0 
0 100 200 300 400 -500 600 700 800 900 
Immersion Time (hours) 
Figure 46. Corrosion Potential with Immersion Time for the Pen-nolybdate Coating (pH 2.0.300sec 
immersion treatment) in a Quiescent -'). 5, *Nt. 
0/0 NaCl Solution. 
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Figure 47. Corrosion Current Density with Immersion Time for the Pen-nolybdate Coating (pl-I 2.0. 
300sec immersion treatment) in a Quiescent -'5.5%vt. % NaCI Solution. 
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Figure 48. Polarisation Resistance with Immersion Time for the Pen-nolybdate Coating (pH 2.0,300sec 
immersion treatment) in a Quiescent 3.5v,, t. % NaCI Solution. 
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Figure 49. Corrosion Potential with Immersion Time for the Permolybdate Coating (pl-I 3.0,300sec 
immersion treatment) in a Quiescent '3.5wt. % NaCI Solution. 
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]Figure 50. Corrosion Current Density with Immersion Time for the Permolybdate Coating (PH 3.0, 
. )00sec 
immersion treatment) in a Quiescent.: ). 5wt. % NaCl Solution. 
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Figure5l. Polarisation Resistance with Immersion Time for the Permolybdatc Coating (pfJ 3.0. '100sec 
immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 52. Corrosion Potential with hmersion Time for the Permolybdate Coating (pH 5.0,300sec 
immersion treatment) in a Quiescent ': ). 5wt. % NaCI Solution. 
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Figure 53. Corrosion Current Density with Immersion Time for the Pen-nolybdate Coating (pli 5.0. 
300sec immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 54. Polarisation Resistance with Immersion Time for the Permolybdate Coating (pH 5.0,300sec 
immersion treatment) in a Quiescent 3.5"rt. % NaCl Solution. 
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Figure 55. Comparison of Corrosion Potentials for a Simple Molybdate Coating, a Permolybdate Coating 
and an Iridescent Cbromate Coating in a Quiescent -'3.5wt. % NaCl Solution. 
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Figure 56. Comparison of Corrosion Current Density for a Simple Molybdate Coating, a Perniolybdate 
Coating and an Iridescent Chromate Coafing in a Quiescent -3 ). 5wt. % NaCl Solution. 
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Figure 57. Comparison of Polarisation Resistances for a Simple Molybdate Coating, a Perniolybdale 
Coating and an Iridescent Chromate Coating in a Quiescent 3.5wt. % Na(l Solution. 
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Figure58. Corrosion Potential with Immersion Time for the PenTianganate Coat ing (pt 12.2,3 )00sec 
immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 59. Corrosion Current Density with Immersion Time for the Permanganate Coating (p1l 2.2, 
300sec immersion treatment) in a Quiescent 3.5-, vt. % NaCl Solution. 
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Figure 60. Polarisation. Resistance with Immersion Time for the Perrnanganate Coating (pH 2.2,3 300sec 
immersion treatment) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 61. Corrosion Potential with Immersion Time for the Dual Molybdate / Pcrmanganatc Coating 
(pH 3.0,300sec immersion) in a Quiescent 3. Swt. % NaCl Solution, 
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Figure 62. Corrosion Current Density with Immersion Time for the Dual Molybdate / Permanganate 
Coating (pH 3.0,3300sec immersion) in a Quiescent : ). Swt. % NaCI Solution. 3 
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Figure 63. Polarisation Resistance with Immersion Time for the Dual Molybdate / Pcrmanganatc Coating 
(pH 3.0,300sec immersion) in a Quiescent 3.5%vt. % NaCI Solution. 
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Figure 64. Corrosion Potential with Immersion Time for the Dual Permolybdate / Permanganate Coating 
0 (pl-133.0,300sec immersion) in a Quiescent 3.5, At. % NaCl Solution. 
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Figure 65. Corrosion Current Density with brimersion Time for the Dual Permolybdate / Pcrmanganate 
Coating (pH 3 3-0,300sec immersion) in a Quiescent 3.5wt. % NaCl Solution. 
3.5- 
3-. 
CY 
=L 2.5- 
0 
-M 
0.5- 
0 
100 200 3DO 400 Soo 600 700 800 
Immersion Time (hours) 
Figure 66. Polarisation Resistance with Immersion Time for the Dual Permolybdate / Permanganate 
Coating (pH 3.0,3300sec immersion) in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 67. Corrosion Potential with Immersion Time for the Dual Pennolybdatc / Pcrmanganatc Coating 
(pl-13.0,900sec immersion) in a Quiescent'. '5.5wt. % NaCI Solution. 
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Figure 68. Corrosion Current Density with Immersion Time for the Dual Permolybdate / Permanganate 
3 Coating (pH J. 0,900sec immersion) in a Quiescent . 3.5wt. % NaCl Solution. 
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Figure 69. Polarisation Resistance with Immersion I-ime for the Dual Permolybdate / Permanganate 
Coating (pH 3.0,900sec, immersion) in a Quiescent 3.5wt. 0/0 NaCl Solution. 
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Figure 70. Corrosion Potential with Irnmersion Time for the (1) Molybdate (2) Permanganate Coating 
Treatment in a Quiescent -'5.5wt. 
% NaCl Solution. 
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Figure 71. Corrosion Current Density with Immersion Time for the (1) Molybdate (2) Pcrmanganatc 
Coating Treatment in a Quiescent -'1.5wt. % NaCI Solution. 
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Figure 72. Polarisation Resistance with Immersion Time for the (1) Molybdate (2) Permanganate Coating 
Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 73. Corrosion Potential with Immersion Time for the (1) Permanganate (2) Molybdate Coating 
Treatment in a Quiescent 0.5wt. % NaCl Solufion. 
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Figure 74. Corrosion Current Density with Immersion Time for the (1) Permanganate (2) Molybdate 
Coating Treatment in a Quiescent 5.5wt. Oo NaCl Solution. 
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Figure 75. Polarisation Resistance with Immersion Time for the (1) Pcrmanganatc (2) Molybdatc Coating 
Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 76. Corrosion Potential with Immersion Time for the (1) Permolybdate (2) Permanganate Coating 
Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 77. Corrosion Current Density with Immersion Time for the (1) Permolybdate (2) Pcrmanganate 
Coating Treatment in a Quiescent 3.5wt. % NaCI Solution. 
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Figure 78. Polarisation Resistance with Immersion Time for the (1) Permolybdate (2) Permanganate 
Coating Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 79. Corrosion Potential with Immersion Time for the (1) Permanganate (2) Permolybdatc Coating 
Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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]Figure 80. Corrosion Current Density with hnmersion Time for the (1) Parnanganate (2) Perrnolybdate 
Coating Trcatrncnt in a Quiescent 3.5wt. % NaCI Solution. 
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Figure 81. Polarisafion Resistance with Immersion Time for the (1) Permanganatc (2) Pcrmolybdate 
Coating Treatment in a Quiescent 3.5wt. % NaCl Solution. 
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Figure 82. Molybdenum K-absorption edge for Sodium Molybdate Dihydrate, Na2M004.2H20. 
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Figure 83. Molybdenum K-absorption edge for Sodium Molybdate, Na2MO04- 
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Figure 84. Molybdenum K-absorpfion edge for Potassium Molybdate, K2MOO4. 
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Figure 85. Molybdenum K-absorption edge for Molybdenum (VI) Trioxide, M003- 
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Figure 86. Molybdenum K-absorpfion edge for Sodium Heptamolybdatc, Na6M07024- Cý 
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Figure S7. Molybdenum K-absorption edge for Sodium Peroxomolybdate, Na6M07022(02)2- 
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Figure 88. Molybdenum K-absorption edge for Molybdenum Dioxide, MoO2. 
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figure 89. Molybdenum K-absorption edge for Molybdenum Disuffide, MOS2 
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Figure90. Molybdenum K-absorpfion edge for Zinc Molybdate, ZnMoO, 4. 
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Figure 91. Molybdenum K-absorption edge for Dizinc Trimolybdenum (IV) Oxide, Zn2M0308- 
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Figure 92. Comparison in the Normalised Molybdenum K-hbsorption edge for Dizinc Trimolybdenum 
(IV) Oxide, and Molybdenum Dioxide. 
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Figure 93. Molybdenum K-absorption edge for Trizinc Dimolybdenum (VI) Oxide, Zn3Mo2Oq. 
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Figure 94. Molybdenum K-absorption edge for a Simple Molybdate Coating (pl 1 5.0. immersion 
treatment). 
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Figure 95- Comparison in the normallsed Molybdenum K-absorption edge for a Simple Molybdate 
Coating (pH 5.0, immersion treatment) and Dizinc Trirnolybdenurn (IV) Oxide, ZnAloiO, 
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Figure 96. Moiybdenurn K-absorption edge for a Pennolybdate Coating (pl 1 31.0 treatment). 
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Figure98. Fitted Fourier Transform for Sodium Molybdate Dihydrate. 
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Figure 109. Fitted Fourier Transform for a Simple Molybdate Coating (pfl 5.0 treatment). 
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Appendix A 
A worked example for the procedure to calculate the polarisation resistance and corrosion current density 
using the mathematical approach developed by Bandy. 
190 Using data obtained during the long term 
electrochemical corrosion test undertaken for the 'as-plated' zinc-nickel alloy electrodeposit, after a 15 
Ininute immersion in a quiescent 3.5wt. % NaCl solution. 
For each test three potentiodynamic polarisation sweeps were conducted at potentials within the range of 
±20mV from the corrosion potential. 'Me resulting data was then transferred to a spreadsheet package 
such as Microsoft Excel. The values of anodic and cathodic polarising currents for two different values 
of polarisation were determined for each polarisation sweep. 
Hence for sweep 1, the anodic (Q and cathodic Q current densities were determined at potentials (AE) 
of 4.996 and 9.766mV (where I and 2 refers to two successive data points). 
I 
al 
= 0.00404lmAcnf2, Ic, = 0.00248lmActif2, at AE, = 4.996mV 
a2 
= 0.01 108lmAcniý, I C2 = 
0.003910niAcrný, at AE2 = 9.766mV 
Ile values above were entered into equation (5.20), to give m2. 
IC)l 
AE, + 
M2 (AEI )3 
al 
Filac )I-6. 
(5.20) 
Ic 
AE2 + 
M2(AE2 )3 
T6 a2 
va Ic) 
2 
0.004041 
0.002481 M2 (4*996) 3 
. 004041) 
4.996+ 
6 
M2 (9.76 
73 
0.0 1108 1= 9.766 + 
ý) 
M, = 0.0055MV-1 
The calculated value Of M2 was then substituted into equation (5.2 1). 
Rp 
6+ 
AE) 
. 
1, -ai 
c 
(5.21) 
Which gives rise to. 
0.0055 x (4.996)3 
+4.996) 
Rp-(6 
vrO-. OO4041 
-x0.002481 
Rp = 1614CIcin2 
The corrosion current density or sweep I was then determined by substituting flie positive root of in, and 
Rp in equation (5.19). 
I. Off =(2m. Rp)-l 
Icoff = (2 x 0.0741 x 1614)-' 
Ic.,, = 4.18pAcm72 
The same procedure was used for sweeps 2 and 3 to detennine their corresponding polarisation resistance 
and corrosion current density (1776 and 1981ncnf2,5.03 and 3.85pAcrný). Finally, the average Rp and 
I,., values for the corrosion test were calculated as 1790flcrný and 4.35[LACnf2 respectively (see 
Appendix I). Thereby, the instantaneous corrosion rate was determined directly from the polarisation 
data, without the knowledge of the Tafel constants. 
Appendix 1. Long Tenn Electrochemical Corrosion Test Measurements for the As-Plated Zinc-Nick-cl 
Alloy Electrodeposit in a Quiescent '). 5wt. % NaCl solution. 
Time (hours) Potential (mV) R. (O. cm 2 G, (4Acm"2) 
0.25 -994 1790.2 4,349 
2.33 -1002 2432.2 3.735 
3.33 -1004 2506.9 3.491 
4.67 -1005 2517.2 3.678 
21.33 -1009 1921.1 5.100 
25.67 -1001 1638.0 6.571 
45.66 -1016 1804.9 4.483 
52.33 -1014 1529.9 5.596 
70.83 -991 1328.4 4.598 
74.00 -995 1492.4 6.895 
93.67 -936 2582.0 3.737 
100.42 -933 2403.4 4.850 
165.50 -806 6498.1 2.182 
172.00 -808 6734.5 2.136 
189.33 -792 6407.3 2.034 
196.00 -793 6135.6 1.393 
213.50 -778 6879.6 2.398 
2' )8.50 -764 5428.2 2.962 
264.00 -757 5389.6 2.687 
3 )35.50 -731 7539.5 2.022 
361.25 -720 9134.3 2.163 
386.00 -714 9484.6 1.395 
409.50 -710 9739.1 1.037 
433.50 -697 11409.3 0.990 
502.50 -676 14606.5 0.6336 
526.25 -672 15908.6 0.438 
550.25 -667 14445.9 0.494 
578.17 -662 11513.7 0.557 
601.42 -657 10700 0.536 
671.00 -640 7880.8 0.629 
694.50 -637 7303.7 0.522 
719.67 -633 6617.5 0.351 
744.67 -628 7328.6 0.545 
769.75 -656 6794.2 0.479 
839.17 -628 7487.7 0.51 
865.66 -626 7281.6 0.485 
885.75 -620 7231.9 0.503 
910.00 -619 7250.9 0.519 
935.25 -616 7982.1 0.669 
1006.75 -612 8036.3 0.585 
1033.75 -615 7631.1 0.571 
1057.33 -617 8608.5 0.569 
1078.35 -616 10309.8 0.542 
1105.00 -616 9391.0 0538 
1176.00 -611 9686.3 0.71 
1201.5.0 -617 9235.9 0.738 
1251.08 -638 9807.5 0.737 
1274.17 -646 7746.8 1.075 
Appendix 2. Long Term Electrochemical Corrosion Test Measurements for a Chromatc Conversion 
Coating (30 sec immersion treatment) in a Quiescent -'5.5wt. % NaCl solution. 
Time (hours) Potential (mV) R,, (fl. cin 2)i,,,, ([LAC, n, 2 ) 
2.75 -971 7565.4 0.983 
22.00 -956 14219. 0.724 
46.00 -915 10248.7 1.161 
69.00 -903 27002.6 0.435 
94.17 -885 25455.9 0.314 
122.67 -895 38244.1 0.207 
165.17 -850 25897.1 0.244 
193). 92 -855 198j4.6 0.608 
214.332 -815 20260.4 0.551 
241 . -")' 3 -824 16586.9 0.549 
. 308.92 -805 27716.8 0.253 
357.75 -822 45151.1 0.211 
382.67 33 -7)1 22512.0 0.345 
406.67 -790 26281. -', ) 0.375 
407.58 -785 30204.6 0.2933 
439.67 -775 42621.2 0.142 
507.67 -795 15516.4 0.515 
5-j2.67 -780 20273.0 0.429 
556.00 -762 13951.2 0.497 
580.25 -773 22297.4 
MIN 1 
21 j 
624.17 -760 1 j476.6 0.557 
676.08 -74-3) 1404j. 9 0.521 
697.42 -735 1345. ). 2 0.686 
748.82 -772 19251.2 0.481 
772.17 -751 16921.1 0.674 
844.42 -745 18408.5 0.491 
868.25 -740 21582.1 0.45 j 
916.25 -725 30752.6 03 01 
940.17 -748 14661.2 0.664 
1009.33 -721 19542.8 0.23) 2231 
10 23 6.8 3 -724 20250.0 0.777 
1053.50 -724 169j5.6 0.706 
1084.75 -723 1519j. 7 0.541 
1107.33 -732 17852.9 0.473 
1180.25 -740 11861.1 0.603 
1204.17 -725 14742.8 0.447 
1252.75 -724 18161.9 0.367 
Appendix 3. Long Tenn Electrochemical Corrosion Test Measurements for a Simple Molybdatc 
Conversion Coating (pH 5.5,300 sec immersion treatment) in a Quiescent 3.5wt. 1/1o NaCl 
solution. 
Time (hours) Potential (mV) Itr (fl. CM2 ) i, (ýtACM-2) 
1.17 -947 1532.5 2.215 
24.00 -978 1471.4 2.059 
50.66 -986 1128.5 4.22 
72.83 -980 1132.8 4.763 
96.50 -955 1206.8 4.133 
168.50 -824 3047.8 1.664 
192.92 -798 4258.8 1.308 
217.00 -792 5607.2 0.895 
243.00 -762 4206.6 1.512 
268.25 -750 4354.7 1.501 
3 )33.42 -720 8123.6 0.819 
61.92 -701 7855.4 0.719 
385.75 -685 7472.7 0.901 
406.00 -681 8861.3 0.847 
431.75 -678 8135.6 0.664 
504.75 -651 7872.9 0.779 
525. -3) 3 -654 9346.0 0.503 
573.15 -638 7056.2 0.553 
601.50 -632 6254.9 0.606 
671.25 -622 4539.6 0.726 
698.58 -618 4048.2 0.740 
718.00 -620 4276.9 0.750 
745.00 -615 4008.4 0.807 
769.00 -615 3788.2 0.935 
840.66 -615 3508.0 0.855 
889.66 -620 3377.6 0.995 
936.50 -626 3177.7 1.076 
Appendix4. Long Term Electrochemical Corrosion Test Measurements for a Silicornolybdic acid 
Coating / Nitric acid Stabilised (30 sec immersion) in a Quiescent 3.5wt. (X0 NaCl solution. 
Time (bours) Potential (mV) R, (f). cm 2 i, (pAcm-2) 
3.67 -998 714.1 12.801 
23.83 -960 1399.7 5.862 
47.67 -855 3475.6 2.043 
71.92 -830 3315.5 2.216 
9 9.3) 3 -810 3084.9 2.473 
145.42 -780 3596.7 1.908 
169.42 -751 5285.6 0.96 
193.5 -708 5331.3 0.969 
217.5 -678 5192.8 0.831 
241.75 -665 4778.9 0.883 
315.83 -647 5768.5 0.774 
3 33 9.4 2 -661 5650.7 0.755 
361.92 -666 5984 0.783 
413.42 -688 5356.6 0.975 
486.08 -702 4502.7 1.181 
Appendix 5. Long Tenn Electrochemical Corrosion Test Measurements for a Phosphomolybdic acid 
Coating / Nitric acid Stabilised (30 sec immersion treatment) in a Quiescent 33.5%ýJ. O,, o NaCl 
solution. 
Time (hours) Potential (mV) R, (fl. cm 2) i, (pAcrn-2) 
4.25 -998 2479.1 3.422 
23.3 )3 -962 4257.3 2.184 
47.00 -93 )4 3942.9 3.022 
72.75 -900 3278.3 3.921 
100.17 -875 4137.6 3.507 
146.00 -840 3702.8 2.449 
170.08 -830 3597.4 2.372 
194.08 -829 3 )501.3 2.290 
218.00 -825 3198.7 2.951 
242.33 -822 2691.0 4.334 
316.42 -798 4250.1 1.773 
340.00 -790 3890.9 2.269 
363.42 -782 9502.4 0.743 
412.75 -733-33 7503.1 0.807 
485.25 -659 6140.9 0.729 
I 
Appendix 6. Long Term Electrochemical Corrosion Test Measurements for a CeCI3 / Cc(NO3)., 
Immersion Treatment at 800C in a Quiescent 3.5wt. % NaCI solution. 
Time (hours) Potential (mV) It. (Q. crn 2)i, (4ACM-2) 
0.75 -915 1712.7 4.012 
1.58 -933 2323.0 2.973 
20.42 -876 3906.7 1.362 
44.75 -849 4900.9 1.188 
70.25 -850 4410.2 1.152 
93.08 -825 4691.7 1.262 
163.92 -793 4394.2 1.428 
188.67 -788 3293.5 2.539 
214.25 -777 3693.5 2.279 
236.17 -767 4632.6 1.856 
261.00 -753 4429.1 1.988 
332.50 -663 6900.3 ) 0.953 
357.75 -639 763 )8.9 0.589 
387.17 -620 6282.2 0.625 
431.67 -613 6066.7 0.528 
501.17 -610 5800.6 0.654 
Appendix7. Long Term Electrochemical Corrosion Test Measurements for a CeC13/ Ce(NOAJ 
Immersion at 80'C, plus an Anodic SiMo (+-')00 mV) Treatment in a Quiescent 3.5%%1.0/6 
NaCl solution. 
Time (hours) Potential (mV) Rp (gl. CM2) i, (pAcM-2) 
1.33 -768 2376.7 2.4 
2.17 -764 2290.1 2.274 
2 1.3 B -763) 2359.7 1.973 
26.58 -758 2343.3 1.847 
45.58 -742 2351.9 1.695 
69.25 -729 2483.3 1.826 
93.33 -725 2008.5 2.179 
165.75 -654 1866.9 1.627 
191.00 -630 1962.1 1.473 
263.08 -616 1747.5 1.394 
Appendix 8. Long Term ElectTocbernical Corrosion Test MeasUTCMents for a Ccriurn Chloride 
Hydrogen Peroxide Coating in a Quiescent 3.5, At. % NaCl solution. 
Time (hours) Potential (mV) R, (fl. cm 2 i, (pACM, 
2 
2.00 -1015 15169.5 0.382 
20.42 -1008 1399.9 7.649 
27.17 -1017 2169.7 3.291 
4542 -1014 2543.8 2.570 
73.00 -1008 3122.8 2.048 
115.81) -998 3010.1 2.081 
141.67 -976 2878.3 2.419 
164,3 3 -965 2896.9 2.570 
187.75 -948 35 10.4 2.530 
214.08 -938 33 853.6 2.331 
333 )083-3 -891 4324.9 2.571 
332.75 -840 4855.9 '41.640 
360.75 -8-131 6999.8 1.892 
. 381.8J -809 6087.2 1.977 
454.52 -762 4346.9 3.31 47 
479.25 -750 3626.8 3). 174 
5033.75 -735 5757.9 2.598 
530.8-3) -715 7206.3 3 1.540 
576.17 -678 114' ) 5.9 0.6336 
6233.42 -646 13436.8 0.455 
646.50 -6-3) 7 12855.2 0.385 
698.17 -627 8983.5 0.484 
720.00 -625 7012.8 0.575 
792.42 -628 5305.0 0.665 
816.67 -656 6866.7 0.537 
865.3.33 -641 6378.4 0.665 
888.50 -64-3) 5941.6 0.710 
938.00 -660 6800.2 0.613 
Appendix 9. Long Tenn Electrochemical Corrosion Test Measurements for a PcnIIolybdatc Coating 
(pH 2.0,300 sec immersion treatment) in a Quiescent 3.5wt. % NaCl solution. 
Time (hours) Potential (mV) R, (Q. cm 2 i,,, (IiACM"2) 
6.00 -1056 1358.7 1.946 
24.00 -1030 1546.5 2.061 
48.00 -1021 1609.4 2.268 
72.17 -998 1910.7 2.103 
144.50 -922 2588.1 1.859 
170.00 -873 3355.2 1.745 
196.25 -846 4323.9 1.355 
217.25 -820 4843.1 1.329 
242.33 -792 6564.2 1.319 
312.58 -746 7724.2 0.968 
)36.58 -734 8115.8 0.995 
361.50 -723 8525.4 0.943 
384.50 -713 9183.8 0.845 
410.25 -707 10112.1 0.685 
481.25 -696 11721.8 0.525 
505.25 -697 11390.5 0.486 
530.92 -692 11007.1 0.542 
554.3 3 -686 10799.2 0.497 
604.08 -676 9550.1 0.525 
649.58 -674 9820.6 0.453 
672.75 -670 8915.4 0.560 
697.75 -667 8971.8 0.502 
721.25 -664 7961.5 0.545 
999.00 -685 5584.8 0.715 
Appendix 10. Long Tenn Electrocbemical Corrosion Test Measurements for a PermolybdatC Coating 
(pH 3.0,300 sec immersion treatment) in a Quiescent 3.5wt. % NaCl solution. 
Time (hours) Potential (mV) R, (fl. cm 2)i, (4ACM, 2 )- 
7.33 -992 1336.2 2.719 
23.42 -983 1773.6 2.530 
48.67 -958 2687.2 1.795 
72.17 -946 2964.4 1.553 
122.33 -863 3144.5 1.620 
143.333 -823 4965.5 0.951 
167.25 -792 5357.3 1.041 
192.17 -771 6016.2 1.003 
216.00 -754 6683.2 0.945 
240.00 -732 7297.8 0.858 
312.00 -736 10091.1 0.544 
335.66 -726 11466.5 0.486 
)59.42 -718 11715.2 0.454 
385.33 -702 13185.6 0.3 )97 
409.25 -694 13555.9 0.409 
434.25 -690 13911.0 0.378 
484.58 -674 11258.6 0.357 
504.08 -675 1.3 )3 94.4 0.422 
527.08 -676 13314.8 0.434 
551.17 -68' 3 13550.1 0.456 
575.17 -669 14130.2 0.426 
647.33-3 -655 11863.1 0.463 
672.08 -650 11911.7 0.450 
696.33 -660 14842.4 0.371 
721.08 -680 11225.6 0.428 
743.08 -657 12761.1 0.382 
816.00 -672 10915.2 0.485 
842.33 0 -672 10373.4 0.479 
867.50 -670 9835.6 0,498 
890.08 -667 8376.9 0.558 
9 13.6 7 -672 10097.1 0.509 
1009.30 -693 9399.0 0.546 
1035.25 -695 9305.0 0.559 
108.33.67 -699 10031.4 0.575 
1157.3 )0 -700 11794.8 0.511 
1181.42 -700 11048.2 0.525 
i 
Appendix 11. Long Term Electrochemical Corrosion Test Measurements for a Permolybdatc Coating 
(pH 5.0,300 see immersion treatment) in a Quiescent 3.5wt. OYO NaCl solution, 
Time (hours) Potential (mV) R, (fl. cm 2 i, (4Acm*2) 
6.50 -1078 1333.1 4.247 
27.75 -1055 1137.4 5.853 
51.00 -1045 1159.8 5.471 
72.50 -1017 1546.3 4.207 
95.50 -980 2587.4 2.536 
150.50 -866 4269.6 1.659 
170.50 -837 4851.0 1.519 
240.75 -777 5881.1 1.711 
264.75 -752 7279.3 1.335 
288.15 -732 9921.4 0.771 
312.83 -715 9460.9 0.762 
3) 3) 6.5 0 -700 9070.0 0.880 
4 12.3 3) -692 10625 0.583 
432.17 -680 6221.0 0.757 
458.08 -677 4999.6 1.071 
480.00 -679 5241.1 0.865 
530.75 -682 4482.2 1.088 
580.00 -683 4383.8 1.043 
602.58 -684 4294.5 1.028 
628.00 -685 4034.5 1.015 
65.33.00 -687 33 759.6 1.114 
918.92 -700 2990.3 1.522 
4 
Appendix 12. Long Term Electrocbeinical Corrosion Test Measurements for a Pcn-nanganatc Coating 
(pH 2.2,300 sec immersion treatment) in a Quiescent 3.5wt. % NaCl solution. 
Time (hours) Potential (mV) R, (gl. CM2) i, (4ACM*2 
25.08 -1074 2252.5 3.099 
50.00 -1074 2345.5 3.117 
76.33 -1058 1672.9 5.180 
95.33 -1059 1662.1 5.032 
123.42 -1052 1189.8 6.545 
143.3 3 -1050 981.7 6.707 
171.50 -1036 951.2 7.311 
191.25 -1005 1368.2 4.789 
242.58 -920 3570.5 3.162 
264.67 -865 3187.2 2.678 
290.50 -824 .3 768.7 2.299 
3 311.50 -806 3988.7 2.745 
339.15 -7933 3543.2 3.735 
364.00 -771 4910.5 3.227 
4 3) 5.33 -720 9736.9 0.939 
461.67 -704 8506.1 0.887 
485.3 33 -696 8784.6 0.715 
508.83 -688 7453.4 0.996 
532.50 -688 7648.3 0.769 
604.16 -680 8301.1 0.798 
628.58 -678 8086.6 0.838 
652.92 -680 6932.6 0.927 
676. -3) -3) -680 8055.4 
0.638 
696.00 -680 7350.9 0.991 
Appendix 13. Long Term Electrochemical Corrosion Test Measurements for a Dual Molybdate / 
Nacl Permanganate Coating (pH 3.0,300 sec immersion treatment) in a Quiescent 3.5%vt. of'o 
solution. 
p Time (hours) Potential (mV) 'I, 
(fl. CM2) i, (pACM-2) 
4.00 -1080 1224.9 5,293 
25.25 -1068 1477.4 4.566 
47.50 -1052 1101.9 7.398 
74.58 -1030 1138.0 6.590 
99.92 -999 1397.1 4.811 
120.00 -982 2155.8 2.637 
145.42 -960 3213.6 1.803 
168.67 -941 3747.1 1.577 
193.92 -923 4059.5 1.468 
216.00 -904 4867.4 1.102 
264.00 -862 8539.9 0.569 
289.75 -851 7350.33 0.680 
313.25 -826 8977.7 0.993 
336.67 -827 8447.9 0.872 
3 >61.75 -818 7278.8 0.937 
387.33 -805 6966.3 1.3 )23 
411.58 -799 7296.3 1.222 
460.83 -788 7865.8 1.434 
484.92 -780 8275.7 1.059 
508.75 -770 8531.6 1.128 
5 -3) 3.5 8 -762 
8963.0 0.977 
557.58 -755 8830.1 1.022 
629.00 -730 13686.4 0.542 
653.33 -722 13846.9 0.542 
676.25 -714 13383.4 0.561 
699.67 -717 14193.3 ) 0.577 
724.08 -700 13010.8 0.560 
796.58 -696 13155.9 0.586 
820.33 -689 12863.0 0.524 
843.58 -683 13113.4 0.501 
869.25 -679 11808.4 0.557 
892.08 -690 9787.9 0.916 
965.25 -675 11043.9 0.692 
Appendix 14. Long Term Electrochemical Corrosion Test Measurements for a Dual Pcnnolybdatc / 
wI N Permanganate Coating (pH 3.0,300 sec immersion treatment) in a Quiescent 3.5 00 Nacl 
solution. 
', 
(Q. Crn2) Time (hours) Potential (mV) IR 
_ __i,, 
(4Acm*2) 
5.25 -1087 1781.4 2.919 
24.08 -1070 2418.2 2.486 
48.33 -1063 2431.0 2.131 
75.25 -1055 2003.3 2.268 
99.08 -1044 1756.5 3.201 
121.25 -1039 1791.3 3.179 
144.25 -1024 1731.2 3.128 
169.42 -1012 1891.4 2.995 
192.75 -1001 2686.4 2.607 
217.08 -985 3099.5 1.970 
243.00 -968 3467.3 1.789 
292.67 -933 4773.9 1.285 
312.08 -905 4812.7 1.685 
338.58 -892 5382.2 1.309 
360.50 -871 5218.1 1.260 
386.00 -841 6377.7 1.284 
411.16 -822 4964.6 1.615 
460.25 -815 9184.7 0.656 
484.33 -788 6177.7 1.516 
508.66 -782 8460.3 0.938 
532.08 -769 7699.5 1.069 
554.33 -759 7472.6 1.106 
626.92 -716 10206.9 0.666 
651.42 -709 11673.4 0.586 
675.75 -701 10265.1 0.706 
701.67 -696 11205.5 0.694 
724.75 -694 9980.1 0.803 
797.16 -689 9834.5 0.850 
Appendix 15. Long Ter-in Electrochemical Corrosion Test Measurements for a Dual Permolybdate / 
Permanganate Coating (pH. 3 3.0,900 sec immersion treatment) in a Quiescent 3.5wt. % NaCI 
solution. 
Time (hours) Potential (mV) Itr (n. CM2) i, (pAcm*2) 
6.00 -1074 1952.8 2.061 
23.42 -1057 2046.9 1.955 
49.25 -1052 2641.3 1.624 
75.92 -1034 2106.4 2.248 
98.50 -1020 2803.4 1.785 
122.50 -1007 2807.9 1.605 
143.52 -989 3469.8 1.458 
170.92 -978 3139.4 1.554 
191.33 -969 3939.4 1.276 
219.33 -956 3794.9 1.359 
242.25 -940 4555.3 1.081 
293 ). 42 -911 5215.3 1.000 
111.42 -896 6827.9 0.745 
340.08 -878 6582.2 0.686 
359.58 -864 6830.4 0.721 
384.58 -841 7724.1 0.595 
410.50 -832 8854.1 0.545 
458.67 -820 7977.6 0.592 
483.75 -809 10086.4 0.478 
504.67 -802 11764.7 0.443 
531.50 -796 11433.8 0.422 
556.16 -792 11554.7 0.433 
62633 -779 12345.1 0.434 
652.08 -774 13402.6 0.394 
674.42 -769 12683.8 0.397 
701.00 -765 13578.3) O. _j75 
725.42 -758 12229.6 0.445 
796.58 -747 14360.1 0.387 
816.17 -744 14140.2 0.406 
845.84 -736 1. ' )496.5 0.1380 
870.42 -728 13624.9 0.387 
894.15 -718 13471.9 0.381 
1 
Appendix 16. Long Tenn Electrochemical Corrosion Test Measurcmcnts for a (1) Molybdate 
(2)Permanganate Coating Treatment in a Quiescent 3.5%, t. % NaCl solution. 
Time (Hours) Potential (mV) IZ" (fj. CM2 ) i, (pAcm-2) 
4.17 -1022 2355.5 1.883 
24.25 -1013 2755.1 1.537 
48.42 -1007 2288.0 2.260 
72.17 -976 2470.1 2.151 
97.58 -957 3359.5 1.544 
122.92 -948 3005.1 1.772 
143.75 -932 3674.7 1.637 
167.92 -924 4911.9 1.007 
191.50 -907 4950.1 1.178 
216.25 -888 6049.6 0.897 
240.66 -866 6661.9 0.833 
318.33 -788 6403.9 1.189 
3,42.25 -770 6650.1 1.384 
360.58 -7 63 8820.3 0.948 
385.42 -753 10444.3 0.694 
482.33 -707 11203.6 0.793 
505.33 -702 11642.5 0.780 
529.75 -689 11312.9 0.793 
553.17 -682 11858.6 0.595 
576.66 -676 12281.9 0.584 
651.75 -661 12165.2 0.484 
673.25 -656 12016.5 0.473 
697.50 -649 12079.5 0.468 
721.17 -646 9758.9 0.661 
Appendix 17. Long Terrn Electrochemical Corrosion Test Measurements for a (1) Pcrmanganatc 
(2) Molybdate Coating Treatment in a Quiescent 3.5wt. % NaCl solution. 
Time (hours) Potential (mV) R, (Q. cm 2)i, (4ACM-2) 
6.17 -1032 1547.3 2.592 
23.33 -1034 1391.3 3.025 
50.25 -1017 1078.5 4.556 
74.58 -964 1445.2 4.029 
99.58 -921 2290.2 2.476 
119.25 -875 3451.8 2.140 
145.84 -852 4237.4 1.403 
168.92 -798 6201.2 0.930 
196.50 -770 6505.5 0.990 
217.42 -759 8033.4 0.734 
242.42 -748 9450.7 0.750 
290. -3) 3 -726 11331.3 0.555 
314.58 -720 13223.4 0.428 
338.17 -712 12977.1 0.472 
361.67 -709 13860.7 0.457 
. 384.84 -709 15735.9 0.421 
457.33 -703 17218.3 0.314 
479.92 -700 16535.9 0.407 
508.33.33 -696 16906.9 0.366 
530.50 -696 17115.1 0.392 
551.42 -696 19701.6 0.286 
630.84 -686 17787.0 0.295 
654.84 -682 15930.3 0.371 
671.00 -686 20111.0 0.248 
696.50 -681 19728.5 0.239 
793.42 -675 18497.9 0.332 
816.5 -673 17394.6 0.383 
842.33 -670 16656.2 0.342 
864.5 -668 17425.9 0.280 
889.3 3 -665 15911.5 0.355 
962.42 -661 16709.7 0.285 
984.67 -661 16516.1 0.306 
1008.67 -660 15880.1 0.295 
10.33 2.5 0 -661 15141.2 0.326 
I 
Appendix 18. Long Term Electrochemical Corrosion Test Measurements for a (1) Permolybdate 
(2)Permanganate Coating Treatment in a Quiescent 3.5wt. 10/0 NaCl solution. 
Time (Hours) Potential (mV) R,, (fl. cm 2 i, (pACM, 2 
4.08 -1036 1697.0 3.121 
23.42 -1038 2342.3 2.0 17 
49.67 -1025 2048.1 2.785 
72.84 -1006 2147.3 2.383 
97.92 -990 1965.2 2.376 
119.82 -976 3001.2 1.608 
145.42 -963 2822.3 1.571 
172.00 -950 3382.2 1.769 
190.84 -940 4042.7 1.370 
217.33 -918 4252.3 1.319 
239.33 -900 5609.2 0.914 
265.42 -882 5439.6 1.110 
334.00 -820 7388.0 0.866 
359.33 -807 7987.2 0.899 
384.25 -795 9468.5 0.586 
407.92 -785 8' )41.4 0.754 
432.17 -776 8017.8 0.819 
505.92 -751 9059.9 0.764 
528.17 -743 10192.6 0.708 
552.00 -727 9975.9 0.699 
575.84 -715 10691.9 0.737 
599.92 -718 12829.7 0.508 
649.08 -697 16054.9 0.402 
672.17 -690 14318.1 0.418 
767.67 -676 16469.7 0.269 
791.08 -672 15835.9 0.329 
817.67 -669 15504.9 0.254 
839.75 -668 16487.6 0.316 
911.42 -656 14128.6 0.310 
935.67 -654 13854.7 0.328 
1006.00 -6435 10443.3 0.4 -33 6 
1031.67 -641 9471.3 O. SO9 
1057.33 -6-339 8729.6 0.526 
Appendix 19. Long Term Electrochemical Corrosion Test Measurements for a (1) Pcrmanganate 
(2) Permolybdate Coating Treatment in a Quiescent 3.5wt. % NaCl solution. 
p Time (Hours) Potential (mV) 'r (Q. CM2) i, (ýLACM*2 
3.17 -1035 1756.6 3.637 
22.75 -1040 2012.8 2.810 
48.75 -1026 2142.2 2.849 
73.84 -1014 2207.9 3.091 
99.42 -1002 1907.8 3.131 
120.50 -980 2293.9 2.822 
144.75 -965 3192.3 1.932 
175.00 -951 3,131.5 2.156 
191.50 -933 3) 15 1.7 2.155 
217.92 -914 4035.4 1.541 
239.92 -885 4680.4 1.6337 
264.17 -854 5396.4 2.039 
)-)4.75 -786 4874.2 1.978 
359.92 -772 5224.9 2.3 33 
385.17 -754 6143.6 1.489 
408.25 -73 )7 7841.0 1.153 
4' ) 1.42 -723) 9364.3 0.992 
505.25 -690 9643.4 0.611 
527.33 -682 10327.9 0.512 
551.33 -676 9123.2 0.695 
575.25 -672 8392.7 0.561 
599.25 -667 8272.8 0.505 
649.58 -656 7733A 0.595 
671.67 -655 8039.1 0.59 
767.17 -652 7447.3 0.496 
791.50 -648 7084.4 0.549 
817.17 -650 8314.7 0.629 
840.25 -648 7432.8 0,618 
910.92 -647 6475.2 0.657 
936.17 -643 5933.5 0.716 
1006.33 -645 5625.3 0.749 
1032.17 -645 5031.7 0.871 
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Non-Chromate Based Conversion Coating Trcatmcnts 
This invention relates to conversion coating treatments for. improving corrosion 
resistance of metallic materials. 
The surfaces of metallic materials are routinely treated with solutions containing 
hexavalent chromate (Cr04 2- ), or derivatives of chromates, such as dichromates or 
chromic acid. These chromate treatments "convert" the surface of the metal from an 
active state which can undergo corrosion, to a passive state with enhanced corrosion 
resistance. Chromate conversion coatings (or passivation treatments as they are also 
widely known) have been extensively applied to structural materials such as those 
based on aluminiurn and coating surfaces such as zinc, zinc alloy and tin. Applications 
of these treated surfaces include; aerospace, automotive, agricultural machinery, 
packaging, oil/gas, nuclear and mining. 
Whilst these chromate treatments are currently widely used in industry throughout the 
world and are very effective at reducing surface corrosion, concern is growing over the 
high toxicity of these compounds, some of which are known carcinogens. There is thus 
a general incentive to develop less toxic alternatives to these treatments which retain 
acceptable levels of effectiveness at reducing surface corrosion. 
Benchmarks which indicate the rate of failure of zinc and zinc alloy coated steels 
include the appearance of white rust, the corrosion product of the coating and the 
appearance of red rust, the corrosion product of the underlying steel. Both white and 
red rusts are undesirable and the longer they can be delayed is an indication of the 
effectiveness of the conversion coating treatment. 
Immersion of zinc-nickel alloy coated steel substrates in a simple acidified sodium 
molybdate (Na2MO04) solution has provided modest improvements in resistance to 
white and red rust and hence gives only a moderate reduction in corrodability when 
-2- 
compared to a chromate treatment (J. A. Wharton, G. D. Wilcox and K. R. Baldwin: 
Transactions of the Institute of Metal Finishing, 74,210 (1996)). Such treatments 
therefore have limited applicability as replacements for chiomate treatments. 
According to a first aspect of the present invention a conversion coating (or 
passivation) treatment for improving the corrosion resistance of metallic materials 
comprises immersing the material in a solution containing a molybdenum or tungsten 
oxy-anion and a peroxide-based oxidant at a pH of less than 6. 
Oxides of molybdenum and tungsten are suitable as they are generally thought to have a 
comparatively low level of toxicity and are easily prepared by known methods. A 
preferred oxidant is hydrogen peroxide. 
Coatings produced in accordance with the method show an increase in white rust and 
red rust corrosion resistance to significantly above that of the untreated substrate 
coating. Whilst the invention should not be considered to be limited by any particular 
scientific theory on how the process works, it appears that the provision of a powerful 
peroxide-based oxidant such as hydrogen peroxide according to the invention provides 
the appropriate oxy-anion species with peroxo groups(02 2- ) which are capable of 
engendering coatings with enhanced corrosion resistance through diminished cathodic 
and anodic reactivity on the passivated metal surface. The result is an enhanced white 
rust and red rust corrosion resistance both compared to that of the untreated specimen 
and compared to that of a substrate treated with the equivalent oxyanion without the 
presence of the peroxide-based oxidant: for example the treatment according to the 
invention using a molybdate hydrogen peroxide treatment produces greater corrosion 
resistance than exhibited by prior art simple molybdate coatings. 
It is preferred that the proportions of peroxide to metallic oxy-anion in solution is I to 2 
equivalents of peroxide to 5 to 20 g/1 of metallic oxy-anion. It is preferred that the 
-3- 
combined solution has a pH of between 2 and 4 and most preferably the pH will be 
around 3. 
To provide a reasonable conversion (passivation) of the metal surface the material is 
conveniently immersed in the solution for between 10 seconds and 20 minutes and at a 
temperature of between 5 and 90'C, preferably 10 and 50"C. Optimally, treatment is 
given for 2-5 minutes. An optimal temperature environment for the treatment is 
between 20 and 30"C and most preferably around 25"C. 
A further aspect of the invention provides for a metallic article which has been treated 
by the conversion coating (passivation) treatment above described. 
The invention will now be further described by way of exemplification only. 
A zinc-nickel alloy (composition nominally Zn-14% Ni, 8gm thick) coated steel 
substrate is immersed in a solution of 10 g/l Na2Mo04 +I equivalent H202, pH 3 for 5 
minutes at 25T. 
The treatment gives a strikingly iridescent surface finish similar to that produced from 
chromate treatments. The colour becomes more intense the longer the immersion 
period. 
Samples of the resultant treated zinc-nickel alloy coated steel substrates are subjected to 
standard salt fog corrosion tests. Table I illustrates the comparative results of these 
samples with two other passivated Zn-14% Ni coated samples treated according to prior 
art methods, one treated by immersion in a 0.1 M molybdate solution at pH 5 to 5.5, for 
5 minutes at 25"C, another with a standard chromate treatment (Cr03 (12 g/1), NaCl (17 
g/1) at 22"C for 120 seconds). Untreated control samples consisting of the unpassivated 
Zn-Ni alloy coated steel are also included. 
-4- 
Passivation Treatment 
Neutral Salt Spray Corrosion Test / Hours 
White Rust Red Rust 
Molybdate, pH 5.0 to 5.5 70-140 500-620 
Peroxo-molybdate, pH 2 to 3 144-285 700-798 
Iridescent Chromate (30 secs) 200-380 1300-1500 
Zinc-14% Nickel Alloy 
(electrodeposit only) 
3-7 436-483 
When subjected to the neutral salt fog corrosion tests, the straight molybdate treatment 
tended to fail due to a relatively rapid deterioration within the first 50 hours, primarily 
as a result of blister-type marks over the surface. The straight molybdate treatment 
delayed the formation of highly undesirable white rust and had a moderate effect on the 
time to red rust. 
The peroxo-molybdate-treated sample behaved in a quite unexpected manner. Initially, 
a similar development of blister marks was observed, as for the molybdate, although the 
marks were considerably smaller in size and took longer to appear. Even with 
prolonged exposure, the formation of white rust in the centre of the blisters was greatly 
reduced and even after 200-300 hours, the iridescent nature of the coatings was still 
apparent indicating that the surface film was still offering a degree of corrosion 
protection. 
. 5- 
The skilled reader will understand that these treatments would be similarly effective on 
pure zinc, other zinc alloys, such as zinc-cobalt and a number of other suitable metallic 
substrates. 
-6- 
CLAIMS 
1. A conversion coating (passivation) treatment for improving the corrosion 
resistance of metallic materials comprising immersing the material in a solution 
containing molybdenum or tungsten oxy-anions and a peroxide-based oxidant at a 
pH of less than 6. 
2. A conversion coating (passivation) treatment method as claimed in claim I 
wherein the proportion of peroxide to metallic oxy-anion in solution is I to 2 
equivalents of peroxide to 5 to 20 g/l of metallic oxy-anion.. 
3. A conversion coating (passivation) treatment method as claimed in any 
preceding claim wherein the peroxide-based oxidant is hydrogen peroxide. 
4. A conversion coating (passivation) treatment as claimed in any preceding claim 
wherein the pH of the combined solution is between 2 and 4. 
5. A conversion coating (passivation) treatment as claimed in claim 4 wherein the 
pH of the combined solution is 3. 
6. A conversion coating (passivation) treatment as claimed in any preceding claim 
wherein the material is immersed in the solution for between 10 seconds and 20 
minutes. 
7. A conversion coating (passivation) treatment as claimed claim 6 wherein the 
material is immersed in the solution for between 2 and 5 minutes. 
A conversion coating (passivation) treatment as claimed in any preceding claim 
wherein the temperature is between 5 and 90"C. 
-7- 
A conversion coating (passivation) treatment as claimed in claim 8 wherein the 
temperature is between 10 and 50T. 
10. A conversion coating (passivation) treatment as claimed in claim 9 wherein the 
temperature is between 20 and 30'C. 
11. A metallic article which has been treated by the conversion coating (passivation) 
treatment of any one of the preceding claims. 
11 , 
-8- 
Non-Chromate Based Conversion Coating Treatments - Abstract 
A conversion coating (passivation) treatment method for improving the corrosion 
resistance of metallic materials comprises immersing the material in a solution 
containing molybdenum or tungsten oxy-anions and a peroxide-based oxidant such as 
hydrogen peroxide (H202) at a pH of less than 6, and preferably for between 10 and 600 
seconds and at a temperature of between 10 and 5 O'C. 
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SUMMARY - Molybdale-based conversion coating solutions have been examined as to their 
suitability aspossible replacementsfor chromate formulations on electrodeposized zinc-nickel alloy 
coatings. Investigations have concentrated on producing passive surfaces from simple molybdate 
solutions using immersion or cathodic coaling processes. Passivaled surfaces have been examined 
using scanning electron microscopy to elucidate the coating morphology. The corrosion resistance of 
the treated surfaces has been assessed using simple, rapid electrochemical techniques as well as more 
long term sah fog immersion. Initialfindings indicate molybdaie-based treatment solutions improve 
times to while and red rust of the zinc-nickel surfaces, but as yet are surpassed by a more 
conventional chromate-based treatment. 
INTRODUMON 
Electrodeposited zinc coatings are widely 
used in the corrosion protection of steel. 
The co-deposition of small amounts of 
alloying metals such as nickel" or 
cobalt-5--7 can enhance the corrosion resis- 
tance of these coatings. It is important 
that the zinc alloy electrodeposit should 
maintain a sufficient coating thickness, so 
that it can provide protection by physical 
exclusion and sacrificial action. To pro- 
vide further protection chromate conver- 
sion coatings are widely used on the zinc 
alloy electrodeposits, particularly to min- 
imise the formation of white corrosion 
products and consequently to delay the 
eventual onset of red rust. 
The formation of a chromate conver- 
sion coating relies on an electrochemical 
reaction on the metal surface involving an 
anodic dissolution step where the metal is 
oxidised. An accompanying reduction 
reaction produces lower valency species 
from the coating solution, which form a 
mixed oxide film with the corrosion prod- 
ucts on the metal surface. The mixed 
oxide film is believed to act as a reservoir 
for Cr(VI), although the quantity of hexa- 
valent chromium which can be held in this 
reservoir is smaU, the film nevertheless 
improves the performance of the zinc 
alloy deposit's corrosion resistance. It has 
been shown that the formation of suitable 
chromate conversion coatings. on zinc 
alloy deposits is much more difficult than 
that on pure zinc and at present there is 
only a limited amount of published infor- 
mation9-10, although several commercial 
systems are currently in use. 
Since chromates are known to be highly 
toxic there is concern over their discharge 
into the environment and in the handling 
of chromate compounds and treated com- 
ponents. This has resulted in increasingly 
more stringent environmental and factory 
regulations. Hence, increasingly, investi. 
gations are concerned with the develop- 
ment of non-chromate alternatives. 
Molybdatcs are considered as possible 
replacements to chromatcs as they are 
analogues from group VIA of the periodic 
table, they have known inhibitive capabili- 
ties'l-14 and have low toXiCity13.16. At pre- 
sent, few of the proposed alternative 
passivation treatments provide compara. 
ble corrosion performances with those 
possessed by chromate coatings. Tbc 
investigations presented here are con- 
cerned with the initial attempts to passi. 
vate zinc-nickel alloy electrodeposits in a 
molybdate based treatment solution. 
EXPERIMENTAL 
The zinc-nickel alloy electrodcposits were 
prepared from a proprietary plating 
process. The electrolyte was adjusted so as 
to achieve a dcsircd composition of 14% 
nickel, which is believed to give optimum 
corrosion performance.. Molybdatc coat. 
ings have been applied by simple immer. 
sion and cathodic potcntiostatic 
polarisation over a p1l range 3 to 6.2, 
using an AMEL Potentiostat, model no. 
553. 
Zinc nickel alloy clectrodcpositcd pan. 
els were blanked off with chemically resis. 
tant tape to expose an area of 16 cm2 for 
the electrochemical tests and 70 cm2 on 
Hull cell sized panels for the salt fog rcsis. 
tance tests. Panels were mounted on an 
electrode holder and inserted into a multi- 
necked cell which contained a platinum 
counter electrode and a saturated calomcl 
reference electrode (SCE) against which 
the potentials were measured. The cell 
was immersed in a thermostatically con- 
trolled bath at a temperature of 40'C. 
Before plating panels were subjected to 
a proprietary cleaner (50 gl-I at 80'C) and 
a pickle in 50% (vol/vol SG 1.18) IICI . 
leis prior to passivation were again 
, jcctcd to the alkaline cleaner and a 
kle in 11% (vol/vol SGJ 1.18) HCT After 
aning the panels were washed 
in dis- 
.d water, acetone and 
finalk, dried in 
air. 
Oating solution', consisted of 
0.1 N1 
,, Mo(),. 
21-l, 0 at pH values of -1.0. . 
5.0, 
6.0 and 6.2 (adjusted with cone. I i., SO4 
N, ()Il) all coatings werc applied in 
! esccnt conditions. 
The chromate solu- 
I consisted of a solution containing 
0.12 
Cro , and 
0.30 M NaC11". 
Fhc niolybdate coatings WCTC formed 
either immersion or cathodic potcntio- 
tic polarisation at an ox, crpotcritial of 
both treatment times were 10 
jutc. riate treatment con- _ The chroi 
led of an simple immersion 
for 2 min- 
: S. 
P'assivatcd coatings were subjected to 
ctrocherniLal corrosion tests using an 
'\4 
Instruments AuloTafel unit. 
: asurcments were made 
in a multi- 
-I, cd cell which contained a platinum 
inter electrode and a saturated calomel 
. rence 
electrode immersed in an acr e 
A. quiescent (by wt. ) NaCl solu- 
n. ! <Cutral salt 
fog corrosion tests were 
Tied out employing a 
humidified 51'1ý 
NaCl spra) at 35ýC in accordance 
ih ASTM B117. Surface morphologies 
rc studied 
bý Scanning Electron 
croscopy (SEM). 
ýSVLTS AND DISCUSSION 
Jatirlg 
"orpholo", 
isual appearances of the molybdate 
Ssi, 21tion coatings over 
the pH range 
ed were generally of a matt 1P 
ark brown finish. with the excep- Icý, 
O, j 
in of 
the. pH 62 treatments which were 
,, cent 
in nature. ide 
The surface morphologies were primar- 
studied 
bv scanning electron 
cro'copy. . 
The surface of the unpassi- 
ted 7 Inc-nickel allov v. -as a very smooth 
, ifc)rrn 
coating followin- the topograph\ 
the underlying substrate. 
there -was no 
IdelIcc 
of any cracking or significant 
air, structure. 
The molybdate passiva- 
)n treatments 
generally produced coat- 
2s \x, 
ith a characteristic 'dried riverbed' 
'' 
I 
\. F 
J. 
been IMILIC hCtWCCII J While 111111 Mid 
whitc rust as the cOriOsion (in Ilic /Ili(, 
nickcl alh)% (ICI)ONIIS ICIIdCd to) I)I0l! ICY% 
'J()%%Iv twill all initial Off "Ililc, film 10 
the 11101C \(IIIIIIIII)MIN 'Off WhOC' I IINI 
products. Fllc twillallOn (if illc \kllll(' filli) 
could pOssibiv lie alltillutcd liý Ihc cww 
siOn licha\ will 01 1 lie /Inc I)lk kc] ; 111(1\ 
CICCI I OdCI)( ISIIN, \AhCrC It IS ; III IIII 
lial dc/Incillcatioll (a pick-willial 
tion Of the less 110111C allON C01111)(Incill. Ic 
the zinc) occur%. inCIL'iI%IIIj' the NMIACC 
concentration Of the nickel cOmpOncifl. 
rc%ulling in the crinObIcincril Of the alloy 
surface'. 
When subjected to the sall fog crivittin- 
incrit the unpassivalcd Zn Ni allOv 
deposit', gave time,, to \kllllc film and 
v. hill: rust Of 6 and IM hour-, tcspccIivcI\. 
All the niol 01dalc passnallml 
produced iniptOvenicn1% (wcr that (4 the 
Zn-Ni alloyal()nc., ýNilh the p1l ; 0IOpIl 
5.5 treatments gcricrall\ achicoiny nim-, 
10 \NIIJIC f*IIM (If 115 lJOUIFS iind 10 NAIIIIC 
rust of Iýpicalloý . 100 
hour,,. a significant 
unpro\cmcnt Ili the cOrrosion pcrfot- 
mariccs. The majOr prOblein with the 
Inolvhdato: passl\M1011 k, ()aIIIIgs In the %alt 
fOg Cfl\')Tonmcnt concern,, their iapid 
deterioration due to p()w adlicicricc. Flic 
coatings appear 10 he 'o%ashcd' Off the sur- 
facc or I(, blister. rcý, calln 
, 
t! the underlying 
/inc-nickel alloý \%hich cvcntuallý Icad,; to 
their premature failure. Thc Initial deteri- 
oration occurs cluile rapidly. %%ilhm the 
first 50 hOurs. then tend,, to decrease with 
firne. F_vcn though Ni. vnificant arcas Of the 
passivation coatings ha\i: been rcmOvcd. 
the appearance of the w1unurious vhilc 
corrosiOn product,, was reduced notably. 
When comparing the pasm\ated pancls 
, Aith the zinc nickel allov cIcctrOdcpO. -, its 
at the end of the test. the latter \\ ere CO\ - 
ered extensively with while cOriosion 
products. As shown in Tabli: 1. the chro- 
mate passivation coaling achie\cd supc- 
rior corrosion performances to thOso: of 
the molvbdale treatments. with times 10 
while and red rust Of 15(K) and 2160 hOurs 
respectively. 
Electrochemical Corrosioii 
The linear polarisation technique has 
been cnlploýcd to evaluate corrosion r; ilc,, 
1. pH 6.0 immersion treatment. I ." p/l (, 0 p"I'llmilloll 
appearance not too dissimilar to a chro- 
mate coating. Films of this Iýpc are con- 
sidercd 10 haVC it gCl-like SITUCIuTC when 
formed but upon drying Ilicy crack to give 
the 'dried ri%, cr', )cd* crack patterns". 
For the p1l 3 to 6 truatincritN. the 
immersion coatings produce(] a much finci 
crack structure in comparison will) those 
of the cathodically polariw. d coaling.. Thc 
immersion coating. -, gcnurallý pioduccd a 
Pranular surface finish (Figuic I) NAith Ilic 
exception of the pf 13.0 treatment wlici ca 
smooth platelet surface was apparent. The 
polarisation technique produced nodular 
coating with it high degree of micro-crack- 
ing "ithin the platelets themselve.,; (Figure 
2) consequent]%, these coating,, appear to 
have inferior coating integrities than those 
possessed by the immersion truatinctit,,. 
Fhe coating inicrrity a,, it result of the 
crack patlcrns increased %%ith increasing 
pli of the molybdate passivalion solu- 
tions. resulting in the pl-I 0.0 treatment,., 
giving morphologies with extremely fine 
crack patterns. althouoh the crack edges 
were irregular and poorly defined in 
appearance, where as. lower p1l treat- 
mcnis produced coatings with sharply 
defined crack structures. The platelet sizes 
typically ranged bct\kccn 5-10 pm for both 
the coating techniques. 
With increasing pli the underlying sull- 
strate topot-, raphy become,, increasing]\ 
more evident. This is most apparent fo'r 
the pH 6.2 treatments, \vhcrc only a 
molvbdate coating \\as evident for the 
polarisation technique. giving an uneven 
granular appearance close]\ following the 
zinc-nickel alloy topograph) with no 
apparent crack structure. 
Coffosion Tests 
Salt Fog Corrosion Tcsts 
The neutral salt fog corrosion tests ", crc 
undertaken in an effort to rank the corro- 
sion performances of the molybdate passi- 
vation treatments and make direct 
comparisons with unpassivated zinc-nickcl 
alloN electrodeposit and a chromate coat- 
ing. The TCSIJII's Of the Salt fog tc,, t,; are 
shown in Tables I and 2. the zinc-nickcl 
alloy electrodcposit had a nominal coating 
thickness of 8 um. A clear distinction has 
211 
TEXT BOUND 
INTO 
THE SPINE 
and make comparative studies with those 
of the salt fog corrosion test, corrosion 
current densities have been determined 
asing a procedure described by Brady'K. 
This procedure describes a method to 
determine the corrosion rates from the 
linear polarisation data without the need 
to separately obtain the Tafel constants. 
Weasurements were made in a quiescent 
3.5% (by wt. ) NaCl solution, at potentials 
within the range of ± 20 mV from the cor- 
rosion potential to determine the polarisa- 
tion resistances and hence the corrosion 
rates of the passivation coatings. 
The results of the electrochemical cor- 
tosion tests are shown in Tables 3 and 4. 
Method 1. Uses the polarisation resis- 
tance to determine the Tafcl constants, 
from which the corrosion rates can be cal- 
culated. 
Method 2. Is a purely mathematical 
approach using the linear 
polarisation data to dcter- 
mine the polarisation 
resistance and hence cor- 
rosion rates. 
From both tables there 
appears to be relatively 
good agreement between 
the two methods for both 
the polarisation resistance -200 
and corrosion current 
densities. The polarisation 
resistance values correlate 400 
Table 1. Results of time to red rust in the salt fog corrosion test. 
Sah fog corrmon ASTM D 117 
Twic (ham) 
Red RLud 
PH 3.0 im-im 122 
360 
PH 3.0 PoWisation 145 
360 
pit 5.0 immersion 145 360 
PH 5.0 polarisation 145 360 
P11 5.5 immersion 97 
360 
PH5.5 polarisation 145 360 
pil 6.0 immersion 25 265 
P14 6.0 p0brigation 39 265 
pil 6.2 immersion 27 145 
p1l 6.2 polarisafion 75 145 
590 
617 
626 
617 
607 
626 
413 
580 
0! 
. 800 
-aoo 
-1000 
-1200 
-1400 
well with the surface morphologies. which 
indicate that the p1l 6.0 treatments pro- 
duced coatings with the best integrities 
e. g. the finest crack structure. although it 
Chroffinte Trewbrowit 
pH 5.5 lmnwnwm Treswerd 
bno-Nickel alloy ------- v. 
360 
I. O(W-07 I. OOE4)5 1.00E. 03 I OOE-01 I OOE*Oi 
603 
Cuff"t Density (n-Acm"') 
Zino-Ni" alloy 6 97 436 Figure 3. Polarisation curves for passivation treatments and zinc- 
chro-ffu" 990 1500 2160 nickel alloy in a 3.5% NaCl solution. 
Table 2. The visual appearances of the passive coatings over the duration of the salt fog corrosion test. 
Salt fog corrosion test ASTM B 117 
Visual Appegý 
Passivation Treatnwrit 53 hours 265 hours 590 hours 773 hours 
pH 3.0 immersion D D+WF WR+S. RR 15%RR 
pH 3.0 immersion D D+WF WR+S. RR 15%RR 
pH 3.0 polstrisation D D+WF N%'R+S. RR 5% RR 
pH 3.0 polarisation D D+VT WR <5% RR 
pH 5.0 immersion D D+WF IAIR+S. RR 5% RR 
pH 5.0 immersion D D+WF WR <50/i RR 
pH 5.0 polarisation. D D+WF WR 5% RR 
pH 5.0 polarisation D D+WF WR 5% RR 
pH 5.5 immersion D D+%VF WR+S. RR <5% RR 
pH 5.5 immersion D D+V. T WR 5% RR 
pH 5.5 polarisation D D+WF WR <5% RR 
pH 5.5 polarisation D D+WF WR <5%RR 
pH 6.0 immersion B+WF AM RR >50%RR 
pH 6.0 immersion B+WF WR RR >50% RR 
pH 6.0 polarisation B+WF WR S/RR 20% RR 
p1l 6.0 polarisation B+WF WR WR+S. RR 10%RR 
pH 6.2 immersion B+WF UTR RR >5(rlo RR 
pH 6.2 immersion B+WF WR RR >50r*/* RR 
pH 6.2 polarisation D NNIR VIR <5%RR 
p1l 6.2 polarisation D WR WR+S. RR 10%RR 
Zinc-Nickel alloy WIF WR RR+Wle 40% RR+%%R* 
Zinc-Nickel alloy WF NOZ RR+WR* 40% IRR+Wk* 
D- deterioration ofthe passive coating; NAT. white film; 13. -blistering, of the passive coating; %VR_ white rust jx-oduct,; 
&RR- spots of red nw4 RR- red rust 
0 coupons were covered extensively with white rust corrosion products 
212 
3. Electrochemical corrosion test, Experimental Determination. 
panivafion Treatmcnt 
pil 3.0 immersion -967 
55.2 
pH 3.0 POIBrisdiOn -983 
50.0 
p1l 5.0 imn=sion -975 
22.4 
pH 5. () polarisation -979 
38.1 
pH 5.5 immersion -966 
17.8 
pyl 5.5 poluisation -980 
27.4 
H 6.0 imnwrsion -1008 34.7 p 
pH 6. o polarisation -1034 
29.9 
pH 6.2 immersion -1000 
26.8 
pH 6.2 polarisation -1066 
14.2 
zinc-Nickel alloy 
Chr-omde 
metnou i 
28.0 1143.6 8.53 x10'3 
91.0 708.8 1.93 Klo a 
16.3 1070.4 3,82 z10 
41.4 1060.0 8.12 x10" 
13.4 1118.4 2.97 x10 
25.4 1419.2 4.02 x10 3 
63.7 1762.0 5.59 x104 
31.8 1326.4 5.04 x10" 
428.4 960.2 1.14 xl 0 
95.7 426.0 1.69 x10'2 
-1083 35.2 103.1 1180.8 9.66 x10*3 
-881 28.1 18.3 270400 1.78 xl 0*3 
ß. - anodic Tafel constarit 
P, - cat"c Tafel emamg Rp - polarisalion resutance. 
Table 4. Mathematical Determination. 
Method 2 
Passivation Treatmetil E., mV(SCE) Rp Clcmý i., mAcnf; l 
pH 3.0 immersion -967 
pH 3.0 polarisation. -993 
pH 5.0 immersion -975 
pH 5.0 polarisation -979 
pH 5.5 immersion -966 
pH 5.5 polarisation -980 
pH 6.0 immersion -1008 
pH 6.0 polarisation -1034 
pH 6.2 immenion -1000 
pH 6.2 polarisation -1066 
i the pH 5.5 treatments which provide the 
best overall corrosion resistances when 
: Onsiderin the corrosion current densi- 
lies-I'lie values are consistent with the 
results obtained from the salt fog resis- 
4, ce test, showing similar trends in the 
tDrroslon performances of the passivated 
6nc. iiickel alloy deposits. Again, it is 
clearly apparent that the chromate passi- 
vatiorl treatment provides much superior 
protection, with corrosion rates of two 
orders of magnitude lower than those of 
11h, roolybdate treatment. 
potentiod), namic Polarisation Curves 
pigure 3 shows representative potentiody- 
tamic polarisation curves for an unpassi- 
Vated zinc-nickel alloy electrodeposit, 
chromate and molybdate passivated coat- 
ýgs, performed in a quiescent 3.5% (by 
Wt ) NaCl solution. The Zn-Ni alloy 
in 
4nýdic conditions becomes active very 
, quickly as 
indicated by the sharp increase 
ý the current density. The current density 
'ther, tends towards a limit as corrosion 
products accumulate on the electrodeposit 
, Surface, hindering any 
further increase in 
the dissolution rate. 
passivating the zinc-nickel alloy with a 
Inolybdate treatment, shifts the corrosion 
potential slightly 
in the positive direction 
11473 837 x10«3 
716.6 1.38 zio-2 
1068.6 3.83 XIO»z 
1070.1 7.43 XIO*j 
1132.5 2.64 x1Crl 
1381.4 4.72 x10" 
1859.7 3.47 x10 
1293.4 6.29 x10'3 
917.5 2.20 x10*2 
428.1 1.63 x10'2 
and provides a measurable, significant 
improvement in the corrosion current 
density (taking the intercepts of the 
anodic and cathodic Tafel slopes). When 
anodically polarised there is clearly a 
reduced rate of corrosion, indicated by a 
more gradual increase in the current dcn- 
sity. But the molybdate coatings only form 
a barrier to corrosion not possessing the 
self-repair characteristics of a similar 
chromate derived coating. With their 
cracked surface morphologies the molyb- 
date passivation coatings can be under. 
mined, dissolution of the underlying 
zinc-nickel alloy deposit results in the 
build up of corrosion products over the 
surface and ultimately leads to a limiting 
current density similar to the unpassivated 
zinc-nickel alloy. The chromate passiva- 
tion coating achieves a considerable shift 
in corrosion potential and corrosion cur- 
rent density. It achieves a much lower 
anodic limiting current. It is believed that 
the coating of hydrated chromium oxide 
provides a very stable barrier and the 
incorporated reservoir of residual hexava- 
lent chromium provides an oxidising pas- 
sivator for film repair. thus achieving 
continued corrosion protection even at 
high anodic potentials before the coating 
eventually starts to breakdown. 
CONCLUSlIONS 
The formation of molybdatc passivation 
coatings has been achicvcd on zinc-nickcl 
alloy clcctrodcposits by simple immersion 
and cathodic potcntiostatic polarisation in 
a 0.1 M Na2MoO,. 21120 solution over a 
range of acidic p1l's, 
Ibc passive coatings produccd from the 
lower pH treatments gave improvcmcnts 
in corrosion pcrformanccs over the unpas- 
sivatcd zinc-nickc] alloy dcposit of 300% 
to white rust and 30% to red rust. 
Poor adhesion is a major problem with 
the molybdatc coatings when subjected to 
an aggressive environment such as the salt 
fog. resulting in the dacrioration of areas 
of the coatings and ultimately leading to 
their failure. 
Thcre appears to be good agreement 
between the salt fog resistance and clec- 
trochemical corrosion tests. Both tests 
show that passivating the zinc-nickcl alloy 
deposits with a molybdate produces an 
improvement in the corrosion perfor- 
mances, the tests indicate similar trends 
and that the chromate coatings are 
markedly superior. 
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